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1.0 INTRODUCTION

This project is being conducted as part of the U.S. Department of Energy (DOE)
Innovative Clean Coal Technology Program. The project is a demonstration and
evaluation of commercially available selective catalytic reduction (SCR)

_catalysts from United States, Japanese, and European catalyst suppliers.

N
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1.1 PROJECT DESCRIPTION AND OBJECTIVES

SCR is a post-combustion nitrogen oxide (NOx) control technology that involves
injecting ammonia into the flue gas generafed from coal combustion in an
electric utility boiler. The flue gas containing ammonia is then passed

_through a reactor that contains a specialized catalyst. In_the presence of . _

the catalys i i i i

water vapor.

Although SCR is widely practiced in Japan and Europe, there are numerous
technical uncertainties associated with applying SCR to U.S. coals. These
uncertainties include:

1. Potential catalyst deactivation due to poisoning by trace metal species
present in U. S. coals that are not present in other fuels.

2. Performance of the technology and effects on the balance-of-plant
equipment in the presence of high amounts of SO, and SO;.

3. Performance of a wide variety of SCR catalyst compositions, geometries
and methods of manufacture under these new operating conditions.

These uncertainties will be explored by constructing a series of small-scale
SCR reactors and simultaneously exposing different SCR catalysts to flue gas
from the combustion of high sulfur U.S. coal.

The project will be conducted at Gulf Power Company’s Plant Crist Unit 5, a
commercially operating 75 MW unit, located in Pensacola, Florida, on U.S.
coals with a sulfur content near 3.0 percent. Unit 5 is a tangentially-fired,
dry bottom boiler, with hot and cold side electrostatic precipitators (ESPs)
for particulate control. The SCR process to be used in this demonstration
will be designed to treat a slip-stream of flue gas and will feature multiple
reactors installed in parallel. With all reactors in operation, the maximum
amount of combustion flue gas that can be treated is 17,400 standard cubic

£ feet per minute (scfm) which is roughly equivalent to 8.7 MWe.

' 1.1-1



The proposed Southern Company Services, Inc. (SCS) facility is a slip-stream

SCR test facility consisting of three 2.5 MWe, 5000-scfm and six 0.20 MWe,

400-scfm SCR reactors that will operate in parallel for side-by-side

comparisons of commercially available SCR catalyst technologies obtained from

vendors throughout the world. The Targe, 2.5 MWe SCR reactors will contain
..commercialiy-available SCR-catalysts.and.will..be coupled with.pilot-scale-aiv— v ...

preheater deposit formation and the deposits® effects on air preheater thermal
performance. The small reactors will be used to test additional commercially
available catalysts. All but one of the SCR reactors will treat high dust
flue gas from a slip-stream taken upstream of the Unit 5 hot-side ESP. One of
the small SCR reactors will operate with Tow dust flue gas from a slip-stream
taken downstream of the Unit’s hot-side ESP. This demonstration facility size
will be adequate to develop performance data for evaluating SCR capabilities
and costs that are applicable for boilers using high-sulfur U.S. coals.

This project is proposed for construction between Units 5 and 6 at Plant
Crist, and the project will be conducted in the following three work phases
during two budget periods: '

Work Phases Budget Period
Phase I - Permitting and Preliminary Engineering I
Phase II - Detailed Engineering, Construction, and Startup I
Phase III - Operation, Testing, and Disposition II

Table 1.1-1 presents the work breakdown structure for the first two phases of
the project. Figure 1.1-1 presents the most recent schedule for Phases I and
II. The pilot plant is now scheduled to begin startup on November 1, 1992.
Phase II should be concluded after about a three-month startup peried, and
testing is scheduled to commence in late January 1993.

1.1-2



Table 1.1-1
Work Breakdown Structure

Phase I - Permitting, Environmental Monitoring Plan, and Preliminary
Engineering

Task 1.1.1 - Prototype Plant Permitting Activities

'””'””THSk“ITITZ”:"EﬁVi?ﬁﬁﬁéﬁtiT“M@ﬁifﬁfﬁﬁg“Program“UevéTﬁpment o

Task 1.1.4 - Engineering and Construction Contracts Scope Development
Task 1.1.5 - Project Management and Reporting

Phase II - Detail Design Engineering Construction

Task 1.2.1 - Detailed Design Engineering

Task 1.2.2 - Construction

Task 1.2:3 - Operation Staff Training

Task 1.2.4 - Planning for Detailed Testing
Task 1.2.5 - Start-Up/Shakedown

Task 1.2.6 - Project Management and Reporting

1.1-3



2.0 DESIGN BASES

This section includes some of the major design bases and assumptions used in
the engineering design for this SCR pilot plant facility. Site
characteristics such as coal analyses, ash aha]yses, boiler unit
characteristics, and flue gas composition are given. Information on the SCR
cata]yéts are included. Drawings of the layout of the pilot plant are shown,
as well as process flow diagram and material and energy balances. The
philosophy for pilot plant operations is also discussed.

2.0-1



2.1 SITE CHARACTERISTICS

Plant Crist consists of 7'fossi1 generating units that are desighed to utilize
a variety of fuels, Units 1, 2, and 3 are natural gas and oil-fired, and
consequently do not have a high utilization factor. The remaining units, 4
through 7, are coal-fired. A brief description of the Crist units and site
specific design conditions are shown in Tables 2.1-1 and 2.1-2, respectively.
These units are arranged as shown in the Tayout of the Plant Crist site in
Figure 2.1-1.

The prototype SCR facility will be built in and around the ductwork on Unit 5,
with the ability to extract flue gas from Unit 5 either upstream of the hot-
side ESP, high dust, or downstream of the hot-side ESP, low dust. Eight of
the SCR reactors will operate with high dust levels while one small reactor
will operate with the Tow dust loading. A photograph of the SCR pilot-plant
location is shown in Figure 2.1-2.

. Originally, the SCR pilot facility was to be able to operate on flue gas slip-
~jstreams from either of Crist Units 5 or 6. However, it has since been decided
to eliminate Unit 6, a 320-MW, wall-fired, dry bottom boiler, from the project
because the existing flue gas conditions on Unit 6 make it impossible to
extract a consistent, representative flue gas slip-stream for use in the pilot
SCR reactors. Test data from SRI’s duct characterization tests and review of
these data by DyhaGen revealed wide variations in flue gas velocities and flow
directions as well as particulate mass loadings at the only available location
on Unit 6 where a sTip-stream can be extracted. In contrast, the data show
ideal conditions for slip-stream extraction from Unit 5. Retaining Unit 6 in
the project would jeopardize the technical quality of the data to be produced
in the pilot SCR reactors.

Eliminating Unit 6 does not negatively affect the technical value of this

project. Substantial data will still be produced on the influence of high-
sulfur U.S. coal on commercially available SCR catalyst performance and 1ife.
The results of SRI’s test data show that there are sufficient variations

2.1-1



Table 2.1-1

Characteristics of Plant Crist Units 1 - 7

Unit Number 1
Size, MW 22.5
Boiler Manufacturer Riley
Boiler Capacity, kibs/hr 230
Steam Pressure, psig 850
Steam Temperature, °F 900
Start-up Month 6/45
Fuels Capabie Gas/
0il
Cooling Source® OT/H

Superheat/Reheat Temperature

0T/H
CT/CL

2 3
22.5 30
Riley Riley

230 320

850 850

900 900

6/49 9/52

Gas/ Gas/

0i1l 011

OT/H OT/H

Cooling Tower with closed loop.

Table 2.1-2

4
75
CE
582

1800

1000/
1000°

6/59

Gas/
Coal

OT/H

Site Specific Design Conditions

Elevation above sea level: 0’
Grade datum efevation:

Design ambient temperature:

90’ - o

- Oll

5
75
CE
582

1800

1000/
1000

4/61

Gas/
Coal

OT/H

6 7
320 500
FW FW

2,337 3,626
2400 2400

10600/ 1000/

1000 1000
5/70  5/73
Gas/ Coal
Coal

CT/CL TC/CL

= Once Through cooling with helper tower during summer months.

Summer - 100°F, Winter - 32°F

Design ambient pressure - 29.92" Hg

Design relative humidity - 95%

Seismic load zone - VBC Zone 0

2.1-2
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in NOx levels from Unit 5 that statistical analyses of the pilot piant data
will alTow SCR performance as a function of inlet NOx to be determined from
the data that will be deve]dped as part of this project. This type of
analysis will provide the information that was sought by including Unit 6 1in
the original proposal since Unit 6 NOx emissions are typically higher than
those of Unit 5. More details to the technical rationale for this decision
are provided in EXHIBIT 2.1-A.

2.1.1 Coal Analyses

The following coal analyses should be used as a design basis for the SCR
project. These analyses do not represent any single determination of a
particular sample. Rather they are based upon selecting reasonable values
that represent the midpoint of a range of analyses collected over the last few
years.

Design Fuel Analyses:

Carbon, % 67.80
Hydrogen, % - 4.60
Sulfur, % 2.90
Nitrogen, % 1.40
Chlorine, % 0.25
Ash, % 9.50
Moisture, % 7.90
Oxygen, % (by diff.) 5.65

Heating Vaiue, Btu/1b 12,200

2.1.2 Ash Analyses

The following flyash analyses should be used as a design basis for the SCR

project. These analyses do not represent any single determination of a
particular sample. Rather they are based upon selecting reasonable values

2.1-5



. that represent the midpoint of a range of analyses collected over the last few
 years.

Design Flyash Composition:

$i0,, % 50.4
A1,0;, % 19.9
Fe,05, % 18.1
Ti0,, % 1.0
Ca0, % 4.2
MgO, % 1.0
K,0, % 2.6
Na,0, % 0.7
S0, % 1.4
P05, % 0.3
LOI*, % 6.5

*L.0T = Loss on Ignition and typically represents unburned carbon.

42.1.3 Flue Gas Composition

The following flue gas composition should be used as a design basis for the
SCR pilot plant.

Flue Gas Composition Flue Gas Compositon
Components (vol%) (wti)
co, 13.854 20.567
0, 2.967 3.202
N, 73.283 69.239
SO, 0.222 0.480
SO, 0.0020 0.0054
NO 0.03798 0.0384
NO, 0.00200 0.0031
HC1 0.01038 0.028
H,0 9.621 5.848
Ash i 0.604
Total , 100.000 100.000

2.1-6



The flue gas composition was calculated from combustion calculations using the
design coal analysis from Section 2.1.1. The material balance of the pilot
plant is based on the combustion calculation. Furthermore, trial and error
combustion calculations were performed to close the material balance to match
the following field measurements:

0, - 3%

505 - 20 ppm

NOx - 400 ppm
High Dust - 8000 mg/Nm®
Low Dust ~ 50 mg/Nm3

Field measurement results from Unit 5 for duct static pressures and flyash
particle size distributions are shown in EXHIBIT 2.1-B and 2.1-C,
respectively.

2.1-7
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ELIMINATION OF UNIT 6
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ATTACHMENT 1

Technical Rationale for Elimination of Unit 6

Unit 6 will be dropped from the project for the following reasons:

a.

Detailed technical discussions have been held with catalyst
suppliers during Phase 1 in order to finalize SCR pilot reactor
deésign criteria. These discussions have revealed substantial
differences in SCR reactor designs that would be used if the
higher iniet NOx levels found by SRI from Unit 6 testing (on
7/28/90 - 8/7/90) were to be included in the design basis.
Moreover, it is already known that a reactor/catalyst system that
is designed for Unit 5 inlet NOx levels will not perform as well
if Unit 6 flue gas were to be introduced {not enough catalyst
volume, consequently space velocities would be too high).

Recent data from Unit 5 indicate that inlet NOx levels could vary
by as much as 150 ppm (i.e. between 250 and 400 ppm depending
upon unit load and excess 07), which is sufficient to evaluate
the response of SCR to changes in inlet NOx. This evaluation can
be ac¢omplished by recording inlet NOx level as part of the
statistical data analyses and analyzing deNOx performance as a
function of inlet NOx.

By maintaining the original design concept of periodically
ducting Unit & flue gas into reactors that are designed for (and
primarily operated on) Unit 5 flue gas, the possibility exists of
introducing higher levels of trace metal catalyst poisons from
Unit 6 flue gas onto the catalyst. Subsequent catalyst
composition analyses will be made more difficult since the flue
gas source over the catalyst would have varied between two
different sources and it will not be possible to determine the
origin of trace metal contamination.

Unit 6 is an uncontrolled, “first generation” wall-fired burner
equipped boiler. Consequently, its flame zone combustion
conditions are typical of high-combustion intensity boilers. The
flue gas generated from such a combustion zone will likely be
different than that of the type generated by the mixing
controlled and 0p-diffusion controiied tangentially-fired Unit 3
boiler. Moreover, as a practical matter it is unlikely that SCR
would ever be installed on an uncontrolled wall-fired boiler

without first retrofitting Tow-NOx burners. LNB retrofits would

flame (i.e. trending toward a t-fired mode), which validates the
use of Unit 5 as a source of flue gas.

Finally, detailed site inspections and data collected in the
field by SRI and analyzed by DynaGen, Inc. confirm that
extracting a representative slipstream of flue gas from Unit 6

be more likely to-produce a mixing-and-0z-diffusion-controlled—
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ahead of the air preheater will be a formidable, if not
jmpossible, task. The flue gas velocities and particulate mass
loadings vary dramatically over the duct area available for an
extraction scoop location due, in large part to the host boiler
duct configuration {see Figures 1 and 2). It is highly unlikely
that a representative sample of flue gas could be consistently
extracted from Unit 6 for use in the pilot plant.

For the reasons outlined above, Unit 6 has been dropped from the project.
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EXHIBIT 2.1-B

DUCT STATIC PRESSURE MEASUREMENTS
BY SOUTHERN RESEARCH INSTITUTE




Date
7/28/90

7/29/90

7/30/90

7/31/90

8/2/90

8/5/90

8/6/90

CRIST UNIT 5 DUCT STATIC PRESSURE

Measurements by Southern Research Institute

Unit

5

Location

Inlet

Inlet

Inlet

Inlet

Inlet

Qutlet

Outtet

Load

Low

Low

High

High

High

High

High

Static Pressure
(in H,Q)
-4.0

-3.5
-6.5
-6.5
-6.7
-8.3

-8.1




EXHIBIT 2.1-C

FLYASH PARTICULATE SIZE DISTRIBUTION
MEASURED BY SOUTHERN RESEARCH INSTITUTE




CRIST UNIT 5 FLYASH PARTICULATE SIZE DISTRIBUTION

Cumulative | Particle Size
Weight Percent less than ()
95 90
g0 57
80 38
60 21
50 16
40 13
20 6.6
10 3.4

1 1.1




Fiyash Particulate Size Distributions Measured By
Southern Research Institute
(Page 1 of 3)

90% CONFIDENCE LIMITS
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Figure 5. Crist Unit 5 ESP Inlet, High Load, Cumulative Percent Particle Size
Distribution.
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Flyash Particulate Size Distributions Measured By
‘ Southern Research Institute
(Page 2 of 3)

90% CONFIDENCE LIMITS
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Figure 9. Crist Unit 5 ESP Inlet, Low Load, Cumulative Percent Particle Size
Distribution.



Flyash Particulate Size Distributions Measured By
Southern Research Institute
(Page 3 of 3)

90% CONFIDENCE LIMITS
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Figure 21. Crist Unit 5 ESP Outlet, High Load, Cumulative Percent Particle
Size Distribution.



2.2 SCR CATALYSTS

The SCR test facility will evaluate commercially available SCR catalyst
technoiogy obtained from worid-wide vendors, It is the intent of SCS to
select catalysts that will provide an evaluation of process chemistry and
balance of plant integration effects when applying SCR to high-sulfur
U.S. coal.

Evaluation agreements have been signed with seven catalyst suppliers. The
suppliers, applicable pilot pilant reactor size, and catalyst configuration are
listed in Table 2.2-1. Supplementary information on catalyst module
dimensions are presented in Exhibit 2.2-A.

2.2.1 Proprietary and Non-proprietary Data
Several tests will be conducted throughout the course of the project. Some of

these will result in non-proprietary data, both process and laboratory, as
well as proprietary laboratory data. '

e s et s R

Exhibit 2.2-8 presents the non-proprietary process data that will be developed
by SCS as part of the operation of the pilot plant.

Exhibit 2.2-C 1ists non-proprietary Taboratory data that will be determined by
the catalyst suppliers on samples extracted from the pilot plant. This data
essentially consists of activity measurements on sampies collected at three
month periods, eight samples for the two year program.

Standard laboratory activity tests for the nine catalysts have not been
determined. Each catalyst supplier has been queried about parameters that
should be considered for lab tests (Exhibit 2.2-D). SCS will review the '

responses and, if i i itions.

2.2-1



TABLE 2.2-1
Catalysts in the DOE/SCS SCR Project

Catalyst Vendor ' Reactor Size Catalyst Configuration
Nippon Shokubai K.K. Large Honeycomb

Siemens AG Large Plate

W. R. Grace Large Honeycomb

egethard  san foneycanb  (Tow dust)
Engelhard Small Honeycomb  (high dust)
Haldor Topsoe Small Plate

Hitachi Zosen ‘ Small Plate

Norton Small Honeycomb

W. R. Grace Small Honeycomb

2.2-2



2.2.2 Material Safety Data Sheets

SCS will require each catalyst vendor to supply a Material Safety Data Sheets
~ upon shipment of catalyst to the site.

2.2.3 Catalyst Sampling

The exact method of sampling by the catalyst suppliiers throughout the program
is not known. However, some thought has been given to the effect of sampling
on catalyst performance and measurements of the decline in activity for both
the large and smail reactors. (See EXHIBIT 2.2-E)

As expected, extracting samples from the small reactors will have more impact
on the activity measurement than that of the large reactors, since samples
extracted from small reactors will constitute a Targer percentage of the total
intial catalyst volume.

2.2-3



EXHIBIT 2.2-A

SUPPLEMENTARY INFORMATION
ON CATALYST MODULE DIMENSIONS




- ™

Intracompany Memo , Southern Company Services

DATE: 04-Mar-1991 10:46am CST
RE: Module dimensions 3/4/91
FROM: G. S. Ranhotra
Research & Environmental Affairs
8-821-6624
TO: MAXWELL, J. DOUG 7
We have obtained revised module dimensions from all suppliers who were
originally not in accordance with cross-sections we had selected. Recall

that the dimensions selected were based on the initial review of vendor
responses.

Large Reactor Module Dimensions

Catalyst Lenqth Width Depth No. of Layers Eff. Volume
(clearance) (clearance)

SCS Recomm 1.354 m 1.048 m - - -
Vendor Responses
NSKK 1.354 m 1.048 m 1.100 m 3 3.026 m3

Siemens 1.354 m 0.954 m 1.170 m 2 2.3 m3
(0.010 m) (0.003 m)

Noxeram 1.354 m 1.048 m 1.150 m 3 3.026 m3
(0.010 m) (0.010 m)




Small Reactor Module Dimensions

Catalyst Length

SCS Recomm 0.318 m
Vendor Responses

Synox 0.318 m
(0.010 m)

H. Zosen 0.318 m
_ {(0.003 m)

Norton 0.318 m

H. Topsoe 0.321 m
(0.002 m)

Engelhard 0.318 m

Engelhard 0.318 m

_ Width
(clearance) (clearance)

0.318 m

0.318 m
(0.010 m)

0.318 m
(0.003 m)

0.318 m

0.321 m
(0.002 m)

0.318 m

0.318 m

Depth No. of Layers

1.150 m

1.130 m

0.889 m

0.650 m
for Ist & 3rd

4
3

1.207 m for 2nd

0.38]1 m

or 0.762 m for the
two double module layers

0.381 m

3

2

Eff. Volume

0.19 m3
0.25 m3

0.283 m3
0.189 m3

0.1178 m3

0.053 m3

Even though module dimensions are similar now, the vendors differ on their

recommendations for clearance.

It would appear that a clearance between

the module and reactor of 0.010 m on each side would satisfy all
suppliers. This would also allow us to accommodate Topsoe’s slightly
larger module. Guide vanes may be required for the Siemens catalyst or,
" since it is the only large plate catalyst, the reactor could be designed

for it alone.

cc: HEALY, EDWARD C.
BOWERS, KERRY W.

SEARS, ROD E.




EXHIBIT 2.2-B

NON-PROPRIETARY PROCESS DATA TO BE
DEVELOPED BY SOUTHERN COMPANY SERVICES
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Non-Proprietary Process Data to be Deve]bped by SCS

Flue gas composition.

Flyash loading, particle size and composition.

- Ammonia-to-NOx ratio.

DeNOx‘Eerformance and ammonia s1ip under various operating conditions
over the two year test program.

Flue gas temperature.

Linear, Afea and Space Velocities.

502 to S03 Conversion percentage.

Pressure Drbp.

Air Preheater Performance Data (Large Reactors only).
Operational problems (if any) such as: catalyst plugging, high

sootblowing requirements, high pressure drop, excessive air preheater
pluggage, etc. {or other problems as noted).




EXHIBIT 2.2-C

NON-PROPRIETARY LABORATORY DATA




Non-Proprietary Laboratory Data to be
Developed by Nippon Shokubai

Catalyst activity data using laboratory reactor(s) operating under
conditions agreed to by SCS and catalyst suppiier. Laboratory
activity measurements will be performed on:

»
a. Fresh catalyst at the beginning of the testing phase, and

b. Eight (8) samples coliected by SCS from the Plant Crist SCR

faciléty at three month intervals during the two year testing
period.

Non-Proprietary Laberatory Data to be
Developed by Siemens

Catalyst activity data using lTaboratory reactor(s) operating under
conditions agreed to by SCS and catalyst suppiier. Laboratory
activity measurements will be performed on: /

a. Fresh catalyst at the beginning of the testing phase, and

b. Samples collected by SCS from the Plant Crist SCR facility during
the two year testing period.

Non-Proprietary Laboratory Data to be
Developed by W. R. Grace

Catélyst'activity data using laboratory reactor(s) operating under
conditions agreed to by SCS and catalyst suppiier. Laboratory

activity measurements will be performed on:
a. Fresh catalyst at the beginning of the testing phase,_and;q |
b. Eight (8) samp1es‘c011ected by SCS from the Plant Crist SCR

facility at three month intervals during the two year testing period.

Determination of quaTitative catalyst activity failure mechanism, if
any.



Non-Proprietary Laboratory Data to be
Developed by Hitachi Zosen

Catalyst activity data using Taboratory reactor(s) operating under
conditions agreed to by SCS and catalyst supplier. Laboratory
activity measurements will be performed on:

a. Fresh catalyst at the beginning of the testing phase, and

b. Eight (8) samples collected by SCS from the Plant Crist SCR
facility at three month intervals during the two year testing period.

Non-Proprietary Laboratory Data to be
Developed by Norton

Catalyst activity data using laboratory reactor(s) operating under
conditions agreed to by SCS and catalyst supplier. Laboratory
activity measurements will be performed on:

a. Fresh catalyst at the beginning of the testing phase, and

b. Eight (8) samples coilected by SCS from the Plant Crist SCR
facility at three month intervals during the two year testing period.

Non-Proprietary Laboratory Data to be
Developed by Haldor Topsoe

Catalyst activity data using laboratory reactor(s) operating under
conditions agreed to by SCS and catalyst supplier. Laboratory
activity measurements will be performed on: /

a. Fresh catalyst at the beginning of the testing phase, and

‘b, Eight (8) sampies coliected by 5CS from ths Plant Crisx SCR.

facility at three month intervals during the two year testing:

period. éﬂﬂa
[+



Non-Proprietary Laberatory Data to be
Developed by Engelhard

Catalyst activity data using laboratory reactor(s) -operating under
conditions agreed to by SCS and catalyst suppifer. Laboratory
activity measurements will be performed on:

s
a. Fresh catalyst at the beginning of the tasting phase, and
b. Eight (8) samples collected by SCS from the Plant Crist SCR

facility at three month intervals during the two year testing
pertod.




EXHIBIT 2.2-D

STANDARD ACTIVITY TEST PARAMETERS




STANDARD ACTIVITY TEST PARAMETERS

Per the Evaluation Agreement reached between Southern Company Services
(SCS) and each catalyst supplier, catalyst activity data will be measured
using laboratory reactor(s) operating under conditions agreed to by SCS
and the catalyst supplier. SCS wishes to remove large variations in
laboratory activity test procedures of SCR catalysts between the various
suppiiers. SCS is requesting comment on the testing parameters as listed
below. We wish to obtain each supplier’s recommendation for what he
considers are the most appropriate test conditions to determine
differences in activity (NOx conversion) and selectivity (S02 oxidation)
during the course of the 2 year DOE/SCS SCR project. SCS will assess the

catalyst suppiiers’ comments and recommendations and attempt to develop a
uniform set of testing conditions.

Eight areas of testing parameters are listed below for review and comment.
Within each area additional points/questions are inciuded for
clarification. We request that you provide a description of laboratory
procedures that address each of the points 1isted below and a 1abeled
schematic/sketch of the laboratory test apparatus and related equipment
(e.g., analytical instruments and feed gas delivery system). Some of the
paints/concerns under these areas, though, may not necessarily apply to an
individual catalyst. If so, please provide explanatory comments. Also,
if you find that we have left off an important issue, please list and
describe separately, and explain why that issue is important.

Testing Parameters
1. Catalyst Preparation:

a. What are the shape and size of cataiysts tested in the 1ab reactor?

Is the surface area/volume ratio a critical parameter, and if
so, what is the desired value?
b. What is the void volume in the reactor?

Is channeling in the lab reactor a concern and how is it
addressed?

c. Sample usage for activity and analytical tests.

Will catalyst pieces for activity and analytical testing

be obtained from the same sample removed from the pilot
reactor?

d. Removal of flyash from catalyst surface

Is this necessary or is it better to measure the influence of
flyash, e.g. adsorbed ammonium bisuifate?

e. ‘What is the minimum catalyst volume (weight) for accuracy?




2.

Catalyst Pretreatment (Startup):

a. What is the gas composition for pretreatment (e.g. S02, NH3, 02,
NOx, H20, etc.)?

Is a presuifiding or similar step required, and if so, what are
the conditions used?

b. Sequence of addition of gases and duration of exposure to catalyst.

Is the reactor bypassed when adjusting gas composition?

¢c. What is the rate of heatup?

d. What are the initial and finai temperatures?

e. Gas flow (total volume passed through reactor} and its relative
importance.

f. System pressure.

3. Reactor Design:

a. Dual bed reactor, for side by side comparison with same feed,
versus single bed measurements of fresh and spent catalyst, and
reasoning for preference.

b. What are the internal diameter and length of the reactor?

c. Adiabatic or isothermai operation?

d. Flow regime prior to and following catalyst.

How important is it to maintain laminar flow?

e. Llocation of thermowell(s) and influence on catalyst packing.

How many and where are temperature measurements taken? What
effect is there on the flow regime?

f. Amount, size, and location of giass wool/glass beads for mixing.

g. External heating jacket

How are the reactor and connecting lines heated?

h. Preheaters, if any.

i. Upflow or downflow of reactant gases.

J. Pressure reguiators, if any.

4. Measurement Devices:

a. ?nalyt1ca1 1nstruments description with sensitivities and detection

imits

b. Heated lines to prevent condensation of H2S04, ABS, NH3, etc.?

¢. Description of mass flow controliers (or s1m11ar device used to
measure flow) and their accuracies.

Will the flow over long periods be verxfied with wet test
meter or similar device?

d. How will samples be handled?

5. Feed Gas Preparation:

[y -
. a

How will feed gas be prepared?
If feed gas is premixed, what type of cy11nders are to e uaed?

How will adsorption on walls of cylinders be avoided (e.g. for SO3,
NH3, etc.)?

Hi11 NH3 and SO3 have to be kept separated?



6. Operating Conditions:

a. Area/space velocity.
b. Temperature.
c. Linear velocity.
d. Ammonia/NOX ratio.
e. NO level.
f. NO2 level.
g. S02 level.
h. SO03 level.
i. 02 level.
J. H20 level.
k. N2 level.
1. Impurities.
Are there any in the feed that couid be of concern and how
- addressed?
m. How will steady state be verified?
n. Are there different operating conditions for determining activity
and selectivity?
o. Empty reactor tests for NH3 and SO2 oxidation.
p. Pressure of reactor, permitted pressure drop.

7. Data Reduction and Analysis:

a. Continuous or intermittent analysis of inlet/outlet gas
compositions and specific analysis frequency?
b. Temperature recorder.
What type will be used; is it continuous?
c. How will side reactions be accounted for?
For instance, ABS, AS, NH4NO3, N20, SO3 formation.
d. Account for relative influences of mass transfer to catalyst
surface (through pore structure, etc.) and intrinsic activity.
e. Analysis of catalyst properties before and after test.
Is there a need to determine oxidation state or perform XRD,
XRF for poisons, BET surface area, PVD?

8. Reactor Shutdown:

a. What procedure is recommended?
b. Sequence of gases.

Is there any particular order during shutdown?
c. Temperature reduction.

What is cool doyn rate; is it important if catalysts are to be

sts?
d. Unloading of reactor. R o -
Any specific procedures needed which may influence any tests to
be conducted on catalyst after laboratory activity tests?



EXHIBIT 2.2-E

EFFECT OF CATALYST SAMPLING




Intracompany Memo Southern Company Services

DATE: 12-Sep-1990 07:1lam CST

RE: Catalyst Sampling

FROM: G. S. Ranhotra _
Research & Environmental e
8-821-6624

T0: BOWERS, KERRY W.

Large Reactor Analysis

The catalyst sampling philosophy currently in place calls for extracting
catalyst elements from the large reactor (one of a total of 48 in any
given bed of the three bed reactor) every three months. [ do not believe
that any of the vendors whose catalysts are in the large reactors have
objected to this. This sampling frequency would amount to 8 elements from
each bed over the course of the test program. If sampies are collected
from each bed every three months, the total catalyst replaced would be
24/144 or 16.67%. :

The question can be raised as to whether this percentage is too high.

Will the effect on the measured activity be too great? To answer this, we
can look at the contribution to the total activity of the elements of
varying ages. Since the greatest amount of replacement will have occurred
by the end of the test period, we can examine this point in time. In
order to calculate the contribution to activity, a rate of deactivation
has to be assumed. The logarithmic expression proposed by Haldor Topsoe
(which by its nature predicts high deactivation at first and then a
decreasing rate of deactivation) appears reasonable.

In{k/kg)=-d{(t) activity constant. at time t
initial activity
deactivation rate, months -1
age of catalyst in months

ot Ol AT
o

"

The rate expression which corresponds to this type of activity constant,

————&; iy of the formshownbetow:
: ' Conversion = {NH3/NOx)in (1 - e-k/GHSV)

Based on data provided by Siemens and BHKK, an average d can be estimated.
For the Siemens data which shows activity (assumed to be k) deciining from
100% to 75% over 16000 hours in a high dust environment, a d of 0.012 is

: determined. From 8HKK’s drop in cenversion of 78.5% to 77.7% over 2

= years, a value of 0.0087 is determined. An average d of 0.0104 is used
from hereon.



PN

A table showing the contribution to conversion by catalyst elements of
various ages (by applying the d calculated above) is given below. The
data for Grace’s NOXERAM catalyst is used for this example, i.e. 0.813
. NH3/NOx and 80% conversion at 2 years life. ko is backcalculated from
. this data and used in the determination of k/k, at various stages of
aging.

No. of Elements Age @ End of Test k/Kg % Conversion
123 24 months 0.7799 80.00
3 21 months 0.8045 80.16
3 18 months 0.8299 80.30
3 - 15 months 0.8561 80.43
3 12 months 0.8831 80.55
3 9 months 0.9110 80.65
3 6 months 0.9397 80.74
3 3 months 0.9694 80.82
144
Initially 1.0000 80.90

There is one major assumption that went into constructing the above table
that should be noted. It is assumed that the three elements removed from
the reactor at any of the sampling periods were from only one vertical
slice. Doing so allows the use of the overall reactor d to calculate the
contribution to activity of the slice in question. In terms of
corretating differences in activity between catalyst beds, it makes sense
to sample elements in a vertical slice. For instance, there may be major
differences in distribution of poisons or temperature across the cross
section of the reactor. Elements in a vertical slice are more likely to
be exposed to similar environments that those which are not.

Taking a weighted-average of the contributions to conversion, an overall
reactor deNOx activity of 80.08% is calculated, as compared to 80.00% if
no sampling had taken place. Thus the impact on activity measurement at
16.67% catalyst volume replacement is not too great.

Small Reactor Analysis

For the small reactors, it is clearly not easy to sample 1/48 of a bed
every three months. Coring individual honeycomb elements into.9 sections

| 1/36 of the bed. It is not clear how easily this could be done by all the .

vendors with catalysts in the small reactors, particularly the plate-type
catalysts and the high cell density catalysts. Coring just one element

(in the case of a 2x2 array of standard HC elements) is not acceptable if
we wish to obtain samples throughout the cross section of the reactor.
Preliminary conversations with the catalyst vendors have indicated that
they would prefer that sampling frequency be reduced.

Aside from the restrictions on how many samples may be taken over the
course of the program is the idea of the impact on activity measurements.
Since fewer samples will probably be taken from the small reactors than



for the large reactors, the impact will undoubtedly be even lower for the
small reactors. A means for reducing the impact even more is to have an
aging volume of catalyst in a fourth bed of the reactor (for a
conventional three bed arrangement). The advantages include not only the
ability to replace catalyst with catalyst of the same age (and hopefully
similar deactivation), but also to have on hand a reservoir of aged
catalyst in case any operational difficuities damage the catalyst.

If the sampling frequency is to be scaled back in the case of the smail
reactors, one approach that might be taken is as follows.

Vi
Time On Stream Bed 1 Bed 2 Bed 3
0 months

3 months X X X

6 months X

9 months

12 months X X X

15 months

18 months X

21 months

24 months X X X

Note that testing of the first bed is more frequent at first and that beds
2 and 3 are not sampled as often. It is also assumed that we would wish
to collect sample throughout the cross section of the bed, in the event
that there are any cross-sectional variations in temperature, poisons,
etc.. Therefore, more than one element of the proposed 2x2 array will
likely be cored. Sampling beds 2 and 3 less frequently would minimize the
coring of elements in these beds and Tessen any negative impact from
coring that might result. (This point should be verified with the
vendors. )

Following a format similar to that used in calculating the contributions
to activity for the Targe reactor, conversions can be calculated for the
small reacter. Data for the NOXERAM-type catalyst will be used for this
example, though attention will be focused on the conversions following the
first bed only as well as only the ages proposed in the above sampling
scheme. The focus is directed to the first bed conversions alone because
the first bed is sampled more frequently than the rest of the beds.

~Age @ End of Test  k/ko % Conversion {after 1'st Bed)
24 months 0.779% 50 .82
21 months 0.8045 61.69
18 months 0.8299 62.55
12 months 0.8831 64.23
6 months 0.9397 65.86

Initially 1.0000 67.42



The weighted-average conversion of the first bed depends on the size of
the sample element chosen. If a 2"x2" core is used as the sample element,
effectively 1/36 of the bed volume would be sampled at any given time.
The impact of this and other sample sizes on overall bed conversion is
given below,

Sample Size Weighted-Average Conversion of 1’st Bed
{as fraction of bed) at end of 2 years

1/36 61.13%

1/16 61.51%

1/8 62.20%

1/4 (one whole element) 63.58%
No sampling 60.82%

Recall the above strategy assumes replacement with fresh catalyst and does
not consider an aging bed. Note from the above results the greater
departure from the conversion-with-no-sampling (60.82%) as one goes to a
larger sample size. Clearly replacing a whole element with a fresh
catalyst element will greatly influence the bed activity. Also note that
in the analysis of only the first bed the same overall reactor
deactivation rate as before, d, was used. A higher deactivation rate for
the first bed, as might be expected in the case of poisons, greater
erosion, or masking, would make the differences more dramatic.

One last note of caution, if we did have to replace whole elements at a
time, it would be important that our extractive gas sampling system is not
restriced to positions below replacement catalyst. The ideal situation
would be to traverse a large portion of the cross-section to obtain
individual contributions to conversion as well as an accurate
weighted-average. '

This pretty much wraps up my thoughts up to now on some of the sampling
issues, though I'm sure that there are other design issues such as sample
withdrawal that £d and Rod may address. I have not examined the situation
with the two-bed catalysts (SYNOX, Engelhard 100 cpsi, Haldor Topsoe), but
a similar analysis can be applied. Let me know if you have questions on
the points I’ve raised. '

cc: SEARS, ROD E.
HEALY, EDWARD




2.3 SCR PILOT PLANT

2.3.1 Preliminary Pilot Plant Layout

The prelimnary layout of the SCR pilot plant at Plant Crist is shown in
Figures 2.3-1 through 2.3-8. Plant Crist is located approximately at sea
level. However, the plant site datum elevation for grade elevation is 90°0".

Plant Crist Unit 5 operates retrofitted hot-side ESP in series with cold-side
ESPs. Due to the difficulty of retrofitting the hot-side ESPs, flue gas exits
the boiler in a split flow configuration. Consequently, the Unit 5 hot-side
ESP has two_inlet ducts and two outlet ducts. The high dust extraction
Tocation is on the west side of the hot-side ESP inlet duct. The Tow dust
extraction Tocation is on the east side of the hot-side ESP outlet duct. This
configuration was chosen to prevent any bias of the Tow dust sample being
extracted downstream of the high dust sample.

The SCR pilot plant control room has been relocated from the pilot plant
structure to the roof of an existing plant structure. The control room layout
is shown in Section 11.0, Area 900.

2.3.2 Process Description

Reactor Train Designation

Each SCR catalyst will be assigned to a separate reactor. The designation of
the different reactor trains, which reflects the assignment of SCR catalysts,
is as follows:

Reactor Reactor Dust Catalyst
Train Size Unit Loading Supplier Catalyst
A Large 5 High W.R. Grace =~ HC-V,0;/Ti0, (Noxeram)
B Large 5 High Nippon Shokubi HC-V.,0;/Ti0,/Si0,
C Large 5 . High  Siemens  Plate-V,04/Ti0,
D Small 5 High Hitachi Zosen Plate-V,0,/Ti0,
E Smail 5 High W.R. Grace HC-V,05/T10,/8i0, (Synox)

2.3-1
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Figure 2.3-1

Plan view.

Grade elevation, 90 ft.
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Figure 2.3-2
Pian view. Air preheater elevation,
123 ft, 9 in.
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West elevation view.
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Figure 2.3-8
South elevation view, column line S.
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Continued from page 2.3-1

F Small 5  High Norton HC-Zeolite w/V,0
G Smalt §  High Engelhard HC-Coated V,0./TiC,
H Small 5  High Haldor Topsoe Plate-V,0./Ti0,

J Small 5 Low Engelhard HC-Coated V,05/Ti0,

HC = Honeycomb

Area Designation

The SCR pilot plant is divided into areas. These area descriptions are as
follow:

Area Description

100 Flue Gas Extraction Scoop to Flue Gas Distribution Header
200 Flue Gas Distribution Header to Reactor Inlet
300 Ammonia Storage to Reactors

400 SCR Reactors

500 SCR Reactor Outlet to Pilot APH Outlet

600 Cyclones to Host Boiler Duct

700 Pilot-Plant Air Compressor Station

800 Extractive Gas Sampling System

900 Instrumentation and Controls/Control Room
1000 Utility Systems

" Process Flow Diagram

The process flow diagram for the SCR pilot plant is shown in Figure 2.3-9.
High-dust flue gas is extracted from the inlet duct on the west side of Unit
5’s hot-side ESP. The high-dust flue gas is equally distributed to the three
large reactors, 5000-scfm each, and five of the small reactors, 400-scfm each.

Une small reactor is operated with Tow dust extracted from the east side hot-

side ESP outiet duct for Unit 5. Each reactor train has electric duct heaters

ta-control the temperature of the flue gas and a venturi ‘flow

meter to measure the flue gas flow to the reactors. Anhydrous ammonia is

independently metered to a stream of dilution air that injects the ammonia via
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nozztes into the flue gas stream prior to each SCR reactor. An economizer
bypass line to the SCR pilot plant maintains a minimum flue gas temperature of
620°F supplied to the pilot plant.

The flue gas and ammonia pass through the SCR reactors, which have the

cdpacily to contain up to four catalyst Tayers. There is a flow straightening

grid (1.e., dummy layer) at the top of the SCR reactors to prevent swirling of
the flue gas which could cause erosion problems when catalysts are operated
under high-dust conditions. Each catalyst layer is housed in a metal frame
commonly referred to as a basket. The catalyst basket is constructed so that
the catalyst can be easily loaded into each SCR reactor.

For the large reactor trains, the flue gas exits the reactor and enters a
pilot-scale air preheater (APH). The APHs are incorporated to evaluate the
effects on downstream equipment using SCR process on flue gas from a high-
sulfur coal. The small reactors do not have air preheaters following the SCR
reactors. All reactor trains, except the Tow-dust train J, have a cyclone
downstream of the SCR reactors to protect the ID fans from particulates. The
small reactors are grouped into three reactors per ID fan.

The exhaust for all the SCR reactors is combined into a singie manifold and
routed back to the host boiler for reinjection ahead of the cold-side ESP.
The preheated air from the APH on the large reactors is also combined into a
single manifold and returned to the host boiler draft system, at the air
outlet of the existing APH. A1l the particulates removed from the flue gas
with the cyclones are combined and sent to an ash disposal area.

Energy_and Material Balance

The material balance for the SCR pilot plant is presented in Table 2.3-1
following the process flow diagram. The description of the stream numbers for
the material balance that correspond to the process flow diagram are listed in
Tabie 2.3-2. The standard conditions for the gas caiculations are 0°C (32°F),
and 1 atmosphere (14.7 péia). English engineering units are used in the
material balance.
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Table 2.3-2 (Page 1 of 4)

Description of Stream Numbers for
the Material Balance

Stream
No. Description
1 High dust flue gas (HDFG) from host boiler
1A HDFG to pilot plant after economizer bypass junction
2 HOFG to Reactor train A upstream of electric heater
2A HDFG to Reactor train A downstream of electric heater
3 HDFG to Reactor train B upstream of electric heater
3A HDFG to Reactor train B downstream of electric heater
4 HOFG to Reactor train C upstream of electric heater
4A HOFG to Reactor train C downstream of elctric heater
5 HDFG to Reactor train D upstream of electric heater
5A HDFG to Reactor train D downstream of electric heater
6 HOFG to Reactor train E upstream of electric heater
6A HOFG to Reactor train E downstream of electric heater
7 HDFG to Reactor train F upstream of electric heater
7A HDFG to Reactor train F downstream of electric heater
8 HDFG to Reactor train G upstream of electric heater
8A HDFG to Reactor train G downstream of electric heater
9 HDFG to Reactor train H upstream of electric heater
9A HDFG to Reactor train H downstream of electric heater
10 Low dust flue gas to Reactor train J upstream of electric
heater
10A Low dust flue gas to Reactor train J downstream of electric
heater
11 Ammonia to Reactor train A
12 Injection air to Reactor train A
13 Ammonia/air mixture to Reactor train A
14 Ammonia to Reactor train B
15 Injection air to Reactor train B
16 Ammonia/air mixture to Reactor train B
17 Ammonia to Reactor train C
.18 Injection air to Reactor train C
P 19 Ammonia/air mixture to Reactor train C
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Table 2.3-2 (Page 2 of 4)

2.3-15

Stream
No. Description
20 Ammonia to Reactor train D
21 Injection air to Reactor train D
22 Ammonia/air mixture to Reactor train
23 Ammonia to Reactor train E
24 Injection air to Reactor train E
25 Ammonia/air mixture to Reactor train
26 Ammonia to Reactor train F
27 Injection air to Reactor train F
28 Ammonia/air mixture to Reactor train
29 Ammonia to Reactor train G
30 Injection air to Reactor train G
31 Ammonia/air mixture to Reactor train
32 Ammonia to Reactor train H
33 Injection air to Reactor train H
34 Ammonia/air mixture to Reactor train
N 35 Ammonia to Reactor train J
36 Injection air to Reactor train'J
37 Ammonia/air mixture to Reactor train
38 SCR Reactor A inlet
39 SCR Reactor B inlet
40 SCR Reactor C inlet
41 SCR Reactor D inlet
42 SCR Reactor E inlet
43 SCR Reactor F inlet
44 SCR Reactor G inlet
45 SCR Reactor H inlet
46 SCR Reactor J inlet
47 SCR Reactor A outlet
48 SCR Reactor B outlet
49 SCR Reactor C outlet
50 SCR Reactor D outlet
51 SCR Reactor E outlet



Table 2.3-2 (Page 3 of 4)

2.3-16

Stream

No. Description -

52 SCR Reactor F outlet

53 SCR Reactor G outlet

54 SCR--Reactor-H-eutlet -
55 SERReactor—dettlet

56 Reactor train A Air Preheater (APH) outlet
57 Reactor train B APH outlet

58 Reactor train C APH outlet

59 Reactor train A APH air inlet

60 Reactor train B APH air inlet

61 Reactor train C APH air inlet

62 Reactor train A APH air outlet

63 Reactor train B APH air outlet

64 Reactor train € APH air outlet

65 Reactor train A cyclone gas outlet

66 Reactor train B cyclone gas outlet

67 Reactor train C cyclone gas outlet

68 Reactor train D cyclone gas outlet

69 Reactor train E cyclone gas outlet

70 Reactor train F cyclone gas outlet

/1 Reactor train G cyclone gas outlet

72 Reactor train H cyclone gas outlet

73 Reactor train A cyclone particulate removal
74 Reactor train B cyclone particulate removal
75 Reactor train C cyclone particulate removal
76 Reactor train D cyclone particulate removal
77 Reactor train E cyclone particulate removal
78 Reactor train F cyclone particulate removal
79 Reactor train G cyclone particulate removal
80 Reactor train H cyclone particualte removal
81 Reactor trains D, E & F exhaust gas to fan 602
82 Reactor trains G, H & J exhaust gas to fan 603
83 Deleted



Table 2.3-2 (Page 4 of 4)

Stream
No. Description

84 Deleted

85 Deleted

86 Deleted

87 Deteted

88 Deleted

89 Reactor train A ID Fan outlet

90 Reactor train B ID Fan outlet

91 Reactor train C ID Fan outlet

92 ID Fan F-602 outlet

93 ID Fan F-603 outTet

94 SCR Pilot Plant exhaust gas return

95 Deleted

96 Ammonia from tank to SCR Pilot Plant accumulator

97 High dust flue gas from boiler economizer

98 High dust flue gas to reactor trains A, B, and C

99 High dust flue gas to reactor trains A and B

100 Ammonia dilution air downstream of dilution air electric
heater

101 Ammonia dilution air upstream of dilution air electric
heater '

102 Ammonia dilution air to dilution air fan 301

103 Heated air from reactor trains B (APH-501B) and C (APH-501C)

104 Heated air from reactor trains A (APH-501A), B (APH-501B),
and C (APH-501C)

105 Heated air from SCR Pilot Piant to host unit combustion air

106 APH inlet air from heat unit FD fan (upstream of perf plate)

107 APH inlet air to reactor trains A, B, and C

108 AOH inlet air to reactor trains B and C

109 APH from Pitot Plant to host unit ash handling system
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Equipment Abbreviations

Equipment abbreviations frequently used in this report are found in Table
2.3-3. Estimated pilot plant equipment weights are provided in Ehibit 2.3-A.

SRR ] F R P

Equipment Abbreviations

Abbreviation Description
AB Gas Analyzer Bank
APH Air Preheater
COM Compressor
CB - Catalyst Bed
cYC Cyclone
DMP Damper
DL Dummy Catalyst Layer (flow straightener)
DRY Air Drier
ED Eductor
F Fan
FCV Flow Control Valve
FCD Flow Control Damper
FE Flow Element
FIL Filter
HDR Header
HTR Electric Heater
HX Heat Exchanger
MXR Mixer
MiR Motor
0A Oxygen Analyzer
PRV Pressure Regulating Valve
PSV Pressure Safety Valve
RXR SCR Reactor
SC Sample Conditioner
SP Sample Probe
SV Solencid Valve
TNK Tank
TRC Trap - Condensate (H20)
TRA Trap - Ammonia (NH3)
TRS Trap ~ Suifur trixoide (S03)
VAP Yacuum Pump
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2.3.3 Operational Philosophy

Parametric and long-term Catalyst Testing

The primary purpose of the SCR demonstration facility is to determine

deactivation vateés of commercially available SCR catalysts under the exposure

0% Tlue gas from high-sulfur U.S. coals. This will be determined by
evaluating catalyst deNOx efficiency and other performance variables as a
function of three main process variables:

- ammonia-to-NOx ratio

- temperature

- space velocity

The philosophy of operation is to determine baseline performance of each
catalyst under design conditions immediately after successful startup. Once
baseline conditions have been established, each catalyst will be sequenced
through a test matrix that varies each of the above variables around the
design point. Appropriate deNOx efficiency, pressure drop, S0, oxidation, and
ammonia slip will be determined at each test condition. Once the

initial parametric test matrix has been compieted, each reactor will be
returned to baseline design conditions, allowing for steady-state operation
over a three-month period, for aging of the catalyst. The parametric test
matrix will be repeated for each reactor train once every three months. There
will be no more than one reactor train undergoing parametric testing at any
one time. The remaining reactors will be either in steady-state operation or
off-line.

The following ranges of operating parameters will be adopted for design
purposes:

Temperature
Baseline
: Minimum S {Desion Point) . Maximum
620°F 700°F 750°F
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The Unit 5 host boiler-economizer outlet temperature ranges between 590°F at
Tow load to 680°F at high load. The pilot plant will maintain a minimun flue
gas temperature of 620°F through the use of an economizer bypass.

At full boiler load, the economizer bypass line will be closed and the

—temperature-ofthe flue gas tothe SCRpiTot plant Will Be the B6iTer-

ECONOMIZer eXit temperature minus any heat loss. As boiler load decreases,
the boiler-economizer outlet temperature also decreases. When the boiler-
economizer exit temperature drops below 620°F, the economizer bypass line will
crack open and allow hotter gas extracted from the superheater section of the
boiler to blend with the boiler outlet gas. The lower the boiler load, the
more bypass~gas is required to maintain the 620°F temperature in the SCR pilot
plant.

The temperature of the flue gas in each reactor train will be independently
controlled, using electric in-duct heaters located upstream of the venturi.
The heaters will be designed to boost the flue gas temperature from a minimum
of 620°F to the maximum design temperature of 750°F. Detailed discussion of
the electric heaters is contained in Section 3.0, Area 200.

Space Velocity

Space velocity is the product of flue gas volume, divided by catalyst volume.
SCS will not actually set space velocity. Instead, each catalyst supplier
will be required to achieve targeted NOx removal levels for design flue gas
volumes and inlet NOx Tevels. Each supplier will specify the amount of
catalyst required to achieve the targeted reductions, which will establish
the baseline space velocities. With catalyst volumes thus fixed, variations
in ftue gas flow rates will alter the space velocity around the design point.
Additional gas measurements after each catalyst Tayer will allow testing of
different space velocities while operating at the same Tinear velocity for a
given flowrate.
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The following are the design ranges for flue gas flow rates:
Large Reactors
Minimum Baseline Max imum
3000 SCFM 5000 SCFM 7500 SCFM

Small Reactors

Minimum Baseline Maximum
240 SCFM 400 SCFM 600 SCFM

The flow rate in the reactors will be varied by adjusting the speed on a
variable speed motor, so the ID fan will achieve the flow rate adjustment.
With the small reactors grouped three per ID fan, an adjustment to the flow
rate for one reactor using flow control dampers will result in some balancing
of flue gas flow through the bank of reactors, thus obtaining the proper flue
gas flow rates in each reactor.
NH;/NOx Molar Ratio
Minimum Baseline Maximum
0.6 0.85 1.1

It should be noted that each the catalyst supplier will specify an NH /NOx
ratio consistent with their expected catalyst performance. Baseline

values varying somewhat from 0.85 are expected, but should not be
significantly different. The value of 0.85 will be selected as a baseline
design basis. Moreover, the maximum vaiue of 1.1 specifies that the design of
the ammonia delivery system will have the capacity to deliver this gquantity of
ammonia. It is not anticipated that the reactors will be operated in that
condition for long periods of time. Rather, this NH;/NOx value will be used
for only short duration testing of the performance of the catalyst under
extreme conditions.

Control Precision

Li is-not sufficient for design of the SCR pilot plants to specify only the == -

above ranges of the process variables. It is also necessary to maintain
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close control over the precision of the process variables at each test
condition. The following describes the required process precision:

Temperature

control to within + or - 2°F at any given operating point.

Flue—gas flow
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reactors (i.e., control to within 100 sctfm}. On smaTl
reactors, control to within + or - 5 percent of flow (i.e.,
20 scfm). Since the flow is much smaller, this will actually
be harder to accomplish.

Ammonia-to-NOx - control to within 0.005 NH;/NOx. For the design baseline,
this means that NH;/NOx should range between 0.845 and 0.855
under baseline conditions.

Uniformity

Figure 2.3-10 addresses the importance of controlling the uniformity of gas
flow and ammonia distribution. This figure shows the relative increase in
catalyst volume needed over the theoretical volume in order to accomodate
variations in ammonia distribution, gas flow, and temperature. For the
purpose of this program, minimizing the increase in catalyst volume to no more
than 1 percent greater than the theoretical volume is anticipated. The
following limits are seen in Figure 2.3-10.

Gas flow distribution — Not more than 10 percent deviation (+ or -) in
flow velocity or mass flow of flue gas across the
cross-section of an individual reactor.

Ammonia distribution — Not more than + or - 5 percent deviation in ammonia
distribution. Note however, that ammonia distribution
closely controlled at this level is of no value if NOx
-distribution is alsc not controiled at this Tevei.

The point is that the ammonia and the NOx must match
each other, even if the NOx is maldistributed
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To ensure proper catalyst aging, the uniformity of fly ash loading and
particle size distributions must be controlled, and thus the following limits
have been set:

Flyash 1oad1ng balance — Not more than + or - 5 percent deviation between

~ total mass Toading in mg/Nm between individual

reactors, and not more than 10 percent deviation in
flyash particle size distribution, as determined by
cumulative mass vs particle diameter plots.

Air Preheater Testing

—

The overall objective of the pilot scale LJUNSTROM APH (rotary APH) operation
is to adequately simulate the response of existing, full-scale utility APHs if
exposed to a post-SCR environment. Proper simuiation of full-scale equipment
requires maintenance of the following:

- similar gas-side axial temperature profiles, including exit gas
temperature.

- identical metal surface temperatures and temperature variations.

- equal pressure drops on both air and gas sides.

- identical rates of air leakage from air to gas side.

- similar fluid mechanics of gas flow and cleaning medium.

- equal air and gas velocities.

Many of these factors will be determined by the design and configuration of
the pilot rotary APHs and associated equipment. However, some of the
operational characteristics of full-scale units must be modified in
smaller-scaie equipment. The SCR rotary APH will be equipped with variable
speed drives in order to vary rotational speed and, therefore, to properly
match surface temperatures and temperature variations. Metal surface
temperatures should be matched to within +/- 5°F. Temperature variations of
APH -baskats shouid match full-scale to within 1°F. Although-it is desirabie-
to maintain air inleakage below 10 percent of the flue gas flow, this has been
deemed infeasable by APH vendors with pilot-scale APHs. The air inleakage may
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approach 20 percent for this pilot facility, but will be minimized as much as
possible by varying air side flow and static pressure to not more than 1 inch
of H,0 differential between the gas-side and air-side static pressure at the

hot-end of the pilot-scale APH. This requires that the APH air flow be under

induced draft.

The rotary APHS will be operated under these conditions while the associated
large SCR reactor is in long-term testing. During this period, gas and air
flows will be determined, as will inlet SO; and NH; concentrations,
particulate mass Toadings, and size distributions. The APH pressure drop and
inlet and outlet temperatures will be monitored. Outlet 0, will be measured
to determime air leakage. Sootblowing will occur as required to maintain
proper static pressure differentials across the APH. APH solid deposits will
be sampied periodically to determine the nature of such deposits. The APH
will be bypassed during parametric testing so that above design ammonia-to-NOx
values, which will cause excessive ammonium bisuifate formation, wiil not
contaminate long-term deposit formation in the APH.

The heat pipe APH has no corresponding gas/air flow and pressure drop
concerns since it is a zero leakage device. It will be sized according to
the heat transfer duties needed to simulate full-scale air preheater and
monitored during Tong-term catalyst testing. Like the rotary units, it will
be bypassed during parametric testing,

Startup and Shutdown Reauirements

The SCR reactors require operation over a period of time prior to the loading
of the catalyst, for proper seasoning of the ductwork and reactor walls. In
addition, the SCR pilot facility commissioning tests will first be performed
without catalysts, both with and without ammonia, followed by commission tests
with and without ammonia.

Startup ¢f the SCR reactors will require that the reactors are heated above
the acid dew point, approximately 300°F, before introducing flue gas into the
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reactors. This will be accomplished by using ambient air purge heated by the
electric flue gas heater for each reactor train. The ambient air inlet for
each reactor train is located ahead of the flue gas heaters, and can also be
used to purge the reactors during shutdown. Once the reactors are above the
acid dew point, flue gas can then be introduced into the reactors, heating
~~them-to-the-desired-operating-temperature: To avoid ammonia=sulfar compound

depositiom, = Ta imj gin once the entire catalyst bed has
reached the minimum operating temperature, based on S0,, SO;, and ammonia
concentrations.

Although the flue gas temperatures are monitored, proper cataiyst surface
temperature-is most important, for startup and shutdown, to identify whether
the temperature js sufficient for operations with ammonia. Therefore,
thermocouples will be mounted on the catalyst surface, on the inlet side of
the first catalyst layer, and on the outlet surface of the Tast Tayer.
Measurements will be made in the corners due to higher possible heat loss, as
shown in Figure 2.3-11.

The SCR reactors also are purged, before shutting down, for the removal of
ammonia. The air purge should occur above the condensation temperature of the
ammonium suifate compounds, approximately 450°F. Reactors also need to be
purged when process upsets occur and the flue gas has to be diverted to the
reactor bypass. This may be accomplished by using the air dilution

system associated with ammonia injection, since the ammonia injection point is
to be located between the reactor bypass take-off and the reactor inlet. Both
low and high temperature alarms are located on the reactor inlets as well as
the host boiler duct to prevent damage to the SCR catalysts. At high
temperatures (>750°F), sintering of the catalyst can occur, which will greatly
reduce the catalytic activity of the catalyst. At Tow temperatures, catalytic
activity is reduced, thus causing a high ammonia slip, which can lead to high
deposition of ammonium sulfate compounds in the downstream equipment and on
the catalyst surface.
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Some of the preliminary concepts for start-up and routine shutdown procedures,
handling process upsets, emergency shutdown, and changes to parametric testing
are shown in Figures 2.3-12 through 2.3-21.

Economizer Bypass Vapor Phase — Trace-Metal Concentration Effects

—___Some SR vendor development experience indicates that catalyst activity T1oss

may vary with the extraction location of the flue gas from the host boiler.
Flue gas extracted and treated immediately at the economizer wall can show
higher trace metal concentrations and can lead to higher catalyst poisoning.
Extracting and treating flue gas, after Tong duct runs with cooler gas
temperatures, may allow vapor phase metal condensation. If extracted in this
manner for a pilot plant, it is possible that the catalyst may not get exposed
to the actual trace metal concentration that the catalyst would see on a
commercial system. SCR developers operating a pilet plant with an extraction
point, and reheat with electric heaters similar to our preliminary conceptual
design, noticed relatively low catalyst activity loss. However, the
commercial plant catalyst, located nearer the economizer and with an
economizer bypass, was experiencing rapid catalyst activity loss. (See Figure
2.3-22.) They eventually added heat tracing to their pilot plant ductwork.
This has been primarily noticed on wet bottom boilers with flyash recycle,
which may allow rather high trace metal concentration build-up in the flue
gas. Reheating the flue gas, once it has cooled, does not solve this problem.
Once the trace metals deposit out on the ash, the temperature required to
revaporize these compounds is much higher than the SCR operating temperature.

As a result of the above, it has been proposed to maintain the original main
flue gas extraction point, while adding an economizer bypass line. (See
Figure 2.3-23.) The economizer bypass would allow gas from the economizer/
superheater region (See stream 2 on Figure 2.3-23; Optimum point to be
determined.), to mix with the main gas slipstream being taken off between the
economizer and hot-side ESP (stream 1) for the SCR pilot plant. The
ecynamizer bypass would be used only as needed to maintain a minimum
temperature of 620°F for the total flue gas entering the SCR pilot plant
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Figure 2.3-12. Startup of large SCR pilot reactors.
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Figure 2.3-17. Routine shutdown for large SCR pilot reactors.
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Water wash APH for Train A Watet wash APH for rsin B Water wash APH for train C
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Figure 2.3-18. Routine shutdown for large SCR pilet reactors.
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Figure 2.3-19. Process upsets for SCR pilot plant.
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Figure 2.3-20. Emergency shutdown of SCR pilot plant.
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Figure 2.3-21. Parametric testing for SCR pilot plant.
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(stream 3), usually at low loads. At full load, the bypass would probabiy be
closed. This mode of operation more closely resembles that of a commercial
system, which normally has an economizer bypass, allowing the exposure of the
catalysts to potential poisons, and therefore, more accurately refiecting the
catalyst activity which would be experienced on a full-scale SCR system.

—————Thris—economizerbypass concept—isbeingevatuated for feasibitity withr €rist
Unit 5 operations, with respect to existing tie-in locations, temperature
profiles, and line sizing, which is anticipated to be small in comparison to
the main extraction line.

In additiom to the above bypass concept, the following alternatives may be
implemented:

. Duplicate one of the test catalysts in a small reactor located at the
economizer during the operation of the pilot plant — Gas passage
through the reference reactor could be driven by differential pressure
of the Unit 5 draft system, and NH; injection could use only bottled
NH;. The cross-sectional area of this reactor could be about the same
as the smaller SCR pilot plant reactors, with a 2 x 2 catalyst element
array (i.e., four elements of 150-mm side dimensions}. One layer of

catalyst would be sufficient. Such a system is represented in Figure
2.3-24.

. Install test coupons of catalyst samples to determine the potential
severity of catalyst poisons — One set of catalyst coupons would be
installed near the economizer region, and the other set would be located
in the cooler duct region where pilot plant flue is extracted. One
possibly may even be located in the pilot plant flue gas duct furthest
downstream from the extraction point.
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Figure 2.3-24, Reference reactor sketch.
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Gas sampling of trace metals — Sampling of ash concentration and
gaseous concentrations of AS,0;, Hg, Pb, and Cd, as well as the
concentration of these metals on the particulate, may be done.
Simultaneous sampling should be done during commissioning at the
following positions while Unit 5 is in steady state operation, and with

“no - sootbl owing in operation: ~extraction ‘'scoop; “before the heater; and

before each SCR yeactor. [his may be expensive, and sublimation of the
gaseous trace elements could falsify results.



EXHIBIT 2.3-A

ESTIMATED PILOT PLANT EQUIPMENT WEIGHTS



Intracompany Memo Southern Company Services A

. DATE: Septeﬁber 13, 1990

" RE:  Estimated Pilot Plant Equipment Weights = ~

FROM: Edward Healy

TO: Juan Blanco

Attached are my calculations estimating the SCR pilot plant
weight. - The estimate includes all large process equipment, pip-
ing, and insulation that I can think of at this time. The sum=-
mary shown on page 19 indicates a total pilot plant weight of
638,000 lbs. This total includes a 15% margin for flanges,
instrumentation, contingency, etc. '

The estimate does not include structural steel, grating, checker
plate, area lighting fixtures, bracing, and other structural com-
ponents. The weights and appropriate margin for these components
are probably better estimated by you. Also not included is the
bulk ammonia storage tank(s) and ammonia dilution skid weight.
This equipment is not fully defined at this time and will be
located somewhat remotely from the pilot plant structure. Also,
I suspect that the storage tank and dilution skid will require
only a pad foundation.

I hope this provides you enough information to get started on
.your preliminary design. I will continue to forward pertinent

- information as it becomes available. If you have any questions,
please feel free to call me on extension 5212.

SCRO8.doc
ech
ces Ray Bailey

Kerry Bowers
Rod Sears ‘
Rick Ranhotra
Zack Looney
Gray Murray
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3.0 AREA 100: FLUE GAS EXTRACTION
SCOOP TO FLUE GAS DISTRIBUTION HEADER

Area 100 includes the area from the flue gas extraction scoop to the flue gas
distribution header. A sketch of the location of the flue gas extraction

scoops for the high dust and tow dust extraction Tocations for Unit 5 is shown

in Figure 3.0-1. The high dust extraction scoop is Tocated in the west side

hot-ESP inlet duct near the duct sampling ports. The high dust extraction
scoop will remove flue gas from the main duct to supply flue gas to the three
targe reactors and five of the small reactors, for a nominal capacity of
17,000 scfm. The Tow dust extraction scoop will be Tocated in the east side
hot-ESP outlet duct. The low dust extraction scoop will supply nominally 400
scfm to one of the small reactors, and will utilize one of the existing
sampling ports on the east side hot-ESP exit duct. A listing of the major
equipment for this area is found in Section 3.2.2.

3.0-1
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3.1 AREA 100 DESCRIPTION

Resuits from Southern Research Institute (SRI) ductwork testing indicated that
the boiler ducts are well vaned on Unit 5, both at the ESP inlet and outlet.
Particulate mass loading, ductwork gas velocity, flue gas temperature, and NOx
- distributions- appear to be--fairly -uniform-across the duct cress-section at

will have a rectangular geometry and be located in the center of the boiler
duct. The center of the duct was choseh for several reasons: (1) This will
give the most representative sample at all loads since the sample will be
drawn equally from the top and bottom of the duct, thereby minimizing sample
bias; (2) the flue gas flow around the scoop, when not in use, gives a better
stream Tine effect, causing the flow disturbance to dampen out quicker; (3)
installation and support of the scoop will be easier; (4) the scoop inlet can
be: adequately characterized using the existing sample ports. The height
dimension of the scoop will be a function of the final face velocity needed to
approach isokinetic operation. (See Exhibit 3.1-B.)

The measured velocity in the boiler duct ranged between 30 to 35 fps at low
Toad, to 45 to 50 fps at high load. Based on a scoop face velocity of about
46.6 fps, the scoop design would be 6 ft wide x 2 ft-2 in high and would block
approximately 18 percent of the boiler duct area when not in use. The
extraction scoop will be designed with turning vanes, accelerating flue gas
from the extracted velocity to the design pilot plant ductwork velocity of 60
fps. The scoop geometry is depicted in Figure 3.1-1. Additional
recommendations for the scoop include: (1) all edges of the scoop should be
sharpened; (2) no horizontal stiffeners plate in between guide vanes; and (3)
guide vanes will be designed as in the Handbook of Hydraulic Resistance
(Idelchik).

Extraction scoops for the small reactors will be taken off the large reactor
feed duct, which only requires 1 extraction scoop in the host boiler duct.
Dynagen has modeled the boiler duct and extraction scoop to determine the host

3.1-1
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unit draft loss and to observe the flow patterns of the gas extraction. There
will be no overall pilot plant model.

Flow modeling of the main flue gas duct and the effect on the scoop in the

main duct has been done on a 1/9 scale model, with the extent of the model and

Tocation. of scoop-and traverses .as.depicted in .Figure 3.1-2. Figures 3.1-3. .. .
———and-3.1-4; iso-velocity contours of Unit 5 duct model,show thatthe model

represents the actual plant duct very well, usually +/- 2 to 3 percent
variation. The increased pressure drop from adding the scoop is only about a
one-half duct velocity head, or 0.11 in. of water gauge pressure loss, as
shown in Figure 3.1-5.

As indicated in Figures 3.1-6 and 3.1-7, the distance between the scoop and
hot ESP inlet is sufficient to allow aimost equivalent velocity profiles at
the ESP inlet with or without the scoop. Thus, changes in flow introduced by
the scoop are dampened out by the time the flue gas enters the downstream ESP,
and the scoop is not expected to have any deleterious effects on the main flue
gas flow patterns. '

Data presented in Table 3.1-1 indicates there should not be a problem in dust
stratification in pilot plant ducts. However, by taking gas from the main
duct with the scoop and reducing the main gas velocity, the potential for
fallout in the main duct between the scoop and ESP inlet is increased,
primarily at low boiler loads. Whether this is a problem that Crist is
experiencing now will be verified with Gulf Power Company, and after pilot
plant operation begins, inspection of this portion of the main flue gas duct
may be done during Unit 5 downtime periods, and if needed, any ash build-up
could be removed.

Other potential consequences of introducing the scoop into the main flue gas
duct include the following:

3.1-3
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Table 3.1-1

Flyash Settling in Pilot Plant Ducts at 60fps

Downward
Terminal Movement
Less than u Velocity In 1 second
Weight % (microns) fps or 60 feet
95 90 1.10 13.2"
90 57 0.44 5.3"
80 38 0.196 2.35"
60 21 0.060 0.72"
50 16 0.035 0.42"
40 13 0.023 0.28"
20 6.6 0.00598 0.071"
10 3.4 0.0016 0.019"
1 1.1 0.00016 0.0019"
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® Dust accumulation in the scoop at no flow — During periods when the pilot
plant is not operating but Unit 5 remains on-line, ash build-up may occur in
the scoop. In considering alternative solutions to prevent significant ash
loading from damaging the catalyst in the reactor upon
pilot plant startup, design changes were made, and the reactor bypass will
- be used upon each startup.

* Vibration of downstream vanes in main duct — There will be a slight
increase in forces acting on the vanes; stiffeners will be added for
additional support, if needed.

¢ Scoop location — If it became necessary to reduce pressure loss of unsteady
forces on the vanes, the scoop would be moved upstream 9 to 12 ft, which
would produce equivalent velocity profiles.

As noted above, the difference between high and low load main flue gas duct
velocities may be about 15 fps. The extraction velocity during low lcad may
be about 50 percent higher than the duct velocity. The ash concentration is
less during low load, and thus there should be no significant increase in ash
to the test facility. However, the effect has to be considered when
determining NH; s1ip by using the method of analyzing for NH; on fly-ash.
Thus, during commissioning ash measurement by extraction is recommended at
various loads for NH; mass balance calculations.

The extraction of the flue gas for eight of the SCR reactor trains from the
west ESP inlet duct was estimated to potentially exacerbate an existing
problem with the Unit 5 APH cold end temperatures. (See the text under Area
500, SCR reactor outlet to pilot APH outlet, for discussion of the problems
and resolution for flue gas/air disposition.)

The material of construction for the piping ductwork and reactors on the
pilot-scale SCR facility will be Tow carbon steels. Either ASTM A53 or ASTM
Al106 will be used for the piping ductwork, while the steel plate for the
reactors will be constructed of ASTM A516 or ASTM A204.

3.1-11



The insulation will be a non-asbestos material. A calcium silicate material
will be used for piping ductwork while mineral wool may be used with the
reactors. Both materials are typical of normal power plant insulators.
Theoretical calculations indicate a drop in the flue gas temperature of only
2°F from the extraction scoop to the reactors.

expansion joints, and dampers, etc., the actual expected temperature loss is
about five times the theoretically-calculated Toss. As a result, a thickness
of about one ft of insulation will be used for the ductwork to the reactor

infet. In addition, the ductwork will be heat traced to further reduce heat

Toss. Vendor information on typical ductwork heat tracing is shown in Exhibit
3.1-C.

3.1.1 Economizer Bypass

As discussed in Section 2.3.3, the vapor phase trace metal composition in the
flue gas may decrease as a result of (1) témperature drop between the boiler-
economizer outlet and extraction scoop and between the scoop and heater or
pilot SCR reactor; (2) flue gas residence time in the duct; and (3) heater
surface temperature. A change in this vapor phase metal composition resulting
from temperature drops may lead to different, possibly improved, catalyst
deactivation rates than would normally be achieved on a full-scale facility.
As a result, maintaining temperatures and minimizing heat Toss, in addition to
the thicker insulation and heat tracing on the inlet ductwork to the reactor
mentioned in the preceeding paragraphs, the project scope has been increased
to include an economizer bypass. A sketch of the economizer bypass is shown
in Figure 3.1-8.

3.1-12
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The temperature of the pilot plant flue gas being extracted and sent to the
distribution header for the SCR reactors will be monitored. This measurement
will be used to control a flow control damper on the economizer bypass line to
maintain a minimum temperature of 620°F for the flue gas entering the pilot
plant system. As the boiler load decreases from full load and the temperature '
of the extracted flue gas decreases below 620°F, the damper will open,

and raise the temperature of the flue gas entering the SCR system. Trace
metal vapor phase condensation is minimized, and the catalyst is exposed to a

more similar level of potential poisons as would be expected in a commercial
system.

Sizing of the economizer bypass line will be completed upon finalizing tie-in
locations and temperature profiles for Unit 5. Preliminary results from a
computer model used to size the economizer bypass line are shown in Figure
3.1-9 and Table 3.1-2.
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EXHIBIT 3.1-A

SRI DUCT SAMPLING RESULTS
FOR PLANT CRIST UNIT 5
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-Sampling Ports

Range:
Averagc

G 0031 D 0037

0.0033-0.0042 0.0018-0.

0. 0038 0.0026

.9:0039:0.0040 o

0.0039

| 0.0038-0.0081
'0.0045 '

0034 aramaan o 0026 o ouza NerErear At ety -

O 0027

0.0020-0.0023
0.0022

_0.0018-0. 0gss

0. 0038

.0.0023-0.0048 ..

0.0036

Particulate Mass Loading, gr/acf

.

Range
Average

443445
444

44.7-46.3 49.6-496

455 49.6

BTB88 s

48 .3

. 49 1 50 2 sheamirareerctenenanaan

49.7

462

.514.828 .

520

50 4 51 8 S T P LT P TP T PR AT

51.1

452 471

50 5 51 3 Bersiieimusni e s

509

Gas Velocity, ft/sec

UNIT 6 - ESP OUTLET DUCT - HIGH LOAD (85 MW)

(Gas flow into plane of the page)
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Sampling Ports

Range: 561 616 815 620 603-611

'Averagn B PO S ...607.......

- 607 61 9 marrrvararas 6 1 s 6 1 7 AarErEERTIRArAaRa bl 6 1 0‘6‘1 3
613 817 612

Temperature, F

Range; 4.0-5.0 4, 2 q. 8 4.2-4.9 4.2-4.9  4.2-5, 0 4.1-5.2

Kverage: i e 43 W e 47

4.0-5.0  4.1-3.8 4.1-5.0 4.4-51 4.4-5.1 4.2-45 :
4.5 4.5 4.5 4.8 a8 4.4

3.5-4.8 4 3 -4. 9 4.8-5.1 5 1- 58_ 4 7 -5.8 4. 8 50_
4.2 a6 5.0 5.5 5.3 4.9

02 Concentration, %

UNIT 5 - ESP OUTLET DUCT - HIGH LOAD (85 MW)

(Gas flow Into plane of the page)
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Sampliing Ports

Range:

310-359 298-382

315-347 301-367 2g2-352 303-345 310-334 31s5.329
D H e

306-356 313.-337
331 325

327-337

343

335 340

NO Concentration, ppm
(dry, not corrected for constant 02)

Range:

316-347 305-372 284-354 305.347 311-335 320-329
53R aye T see T wzsaas T

315-356 296-383 315-358 306-352 305-338 312-3356

336 340 337 329 322 324

' 331-366 300-383 326-364 313-357 317-341 327-340

349 342 345 335 328 334

NOx Concentration, ppm
(dry, not corrected for constant 02}

UNIT 5§ - ESP OUTLET DUCT - HIGH LOAD (85 MW)

(Gas flow Into plane of the page)




EXHIBIT 3.1-B

DYNAGEN'S DISCUSSION OF
FLUE GAS EXTRACTION, DATED 9/18/90



_ DISCUSSION OF BASIC DESIGN FOR THE SCR PILOT PLANT SYSTEM

BEING DESIGNED FOR THE CRIST STEAM PLANT
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Section 2

DISCUSSION OF FLUE GAS EXTRACTION

21 Unit 5 Hot Side Extraction

This extraction location is to provide pilot plant flow to the three léfge reactors and

five out of six small reactors. The amount of design flow to be extracted is as follows:

e Standard  Approximate
: _SCFM__  Actual ACFM
Three Large Reactors 15,000 31,440

at 5,000 SCFM Each

Five Smail Reactors 2,000 4,192
at 400 SCFM Each

Total 17,000 35,632

Southern Research Institute measured velocity profiles, dust loading distributions,
temperature profiles, and concentration profiles of NO, NO,, and O, at an existing duct
traverse station that is located in a convenient place for extraction of hot flue gas. The
total flow rate in this duct for the high load condition was about 197,770 ACFM and the
low load flow rate was about 135,860 ACFM. The extracted flow there represents 18%
of the high load condition and 26% of the low load condition. The traverse data at this
location shows good uniformity in all parameters for both load conditions. The center
region of the duct for all parameters is the most uniform and closest to the average value
in the cross-section. '

The best location to extract the pilot plant flow is near the traverse location in the
center of the duct using a rectangular shaped scoop the full width of the 6’ duct
dimension. (The duct is 6 by 12’ high.) The flow should be withdrawn to the side by
a vaned 90° elbow. This should be the best arrangement for the following reasons:

L The SRI field traverse data shows the region in the center of the duct is the
most uniform and nearest the average for all measured quantities.

2. An obstruction in the center of the duct will cause less of a disturbance on

the main duct flow that proceeds on to the ESP. With a careful design of
the scoop verified by model tests, the affect on pressure loss and main duct

2




~ flow distortion can be limited to small amounts. An enlarged scoop blockage
area or an offset scoop would probably cause additional pressure loss and
flow distortion..

3. A rectangular scoop of about 21% of the duct area would be about 2’-6" by
6.

A second possible location for extraction would be off the top 2’6" of the duct with

a Tectangular vaned scoop whiclh turns upward.  This might be a more convenient duct

orientation but it would be extracting flow where dust loading is the lowest and
concentrations of NO and NO, are the lowest.

32  Unit Cold Side Extraction

Four-hundred (400) SCFM for one small reactor is to be extracted from the cold
side of the Unit 5 ESP or Unit 4 ESP.

The Southern Research Institute measured traverse results at the outlet of the hot
ESP also showed good uniformity results for all parameters except dust loading which had -
a low level but a two to one variation. The highest dust loading actually appeared near
the top of the duct, however, if you trace the ducts back to the precipitator outlet you will -
see that this flow came from the bottom of the ESP chamber and would, therefore, be
expected to have a higher loading. Since only about 400 SCFM or about 800 ACFM
needs to be extracted, the scoop (round or rectangular) could be positioned anywhere in
- the cross-section to achieve the desired levels of dust loading, NO, and NO,.

What should be of more concern is the affect of extraction of a large amount of
flue gas from the west inlet duct and how this might affect the outlet duct flow extraction.
The parameter that would primarily be affected is the dust loading at the outlet duct
extraction point due to improved collection effectiveness of the hot ESP at reduced flow.
The outlet duct most affected would be the west outlet duct of Unit 5 but the east outlet
duct could also be affected if there is no partition plate in the center of the hot ESP. To
prevent any lower dust loading than measured by SRI, the cold side extraction should be
taken from Unit 4. If Unit 5 must be used, then use the east side outlet duct.

23 Unit 6 Hot Side Extraction

The original test plan included the possibility of hot side flow extraction from Unit
6 at the Crist plant. However, for Unit 6, the economizer outlet and the air preheater
are coupled very closely together with ducts that include a 90° turn at the boiler outlet and
a short offset transition duct to the air heater duct location. The measured data taken
through two ports is very non-uniform for dust loading, velocity, temperature at low load,



e

and NO/NOy at high load as shown by the data spread from a total of eight réadings
taken through two ports:

Highload — Low Load

aramet _ Max, =~ Min, Max, Min.
Velocity (fps) . 88.1 489 50.2 278
(% Vo) o +38% 23% +35% 25%
Dust Loading (gr/act) 3.11 0.93 1.77 0.80
(% Avg) +96% -41% +59% -28%
~ Temperature (°F) 737 724 635 552
NO Concentration (ppm) 865 760 389 363
NO, Concentration (ppm) 913 815 457 414

At least two of these parameter variations with load would make it undesirable to
extract pitot plant flow from this location on Unit 6:

L The dust loading level at individual point values, the spread between
maximum and minimum, and the location of maximum and minimum values
changes significantly from low to high load.

2. The concentration of NO and NOy change by a factor of two from low load
to high load.

This will mean that the pilot plant reactors on long term testing will see a wide range of
conditions as the Unit 6 boiler load changes. This would be undesirable from the
standpoint of interpreting and drawing conclusions from the pilot plant test data. These
same problems do not exist at the Unit 5 hot flow extraction station.

Therefore, it would appear to be undesirable to use hot extraction flow from Unit

6 for the SCR Pilot Plant because of the following reasons:

1. The duct arrangement is too close coupled to produce a uniform flow
pattern.

2. The test data shows wide variations of velocity and dust loading at either of
the operating conditions tested.



3. The test data shows significant changes in dust loading and NO,
concentration level when load is changed.

4. There is no other hot side location for Unit 6 at which to get a better
; . extraction of flow for the SCR Pilot. Plant.
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EXHIBIT 3.1-C

DUCTWORK HEAT TRACING
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COLD SECTION

HEATING CABLE,
INCOLOY OR COPPER
s~

INSIDE SURFACE
OF MAT

> STAINLESS STEEL
BANDING WITH CLIPS

TRASOR DATA SHEET: L-109-1

MAT HEATERS

TRASOR “MAT” heaters can be furnished to easily
fit the walls of a tank, vessel; drum, or shaped to fit’
Over a pump or many complex configurations_Con-

WELDED STAINLESS STEEL CLOTH

Typ. mat heater

VESSEL WALL HEATING MATS CAN:

Maintain the contents at a given temperature by off-
setting ambient heat losses.

Be provided with higher heat, or dual-heat capabifi-
ties to compensate for start-up conditions.

Stabilize internal process conditions by eliminating
the condensation of saturated vapors on the inner
surface of outer non-wetted surfaces.

Eliminate any build-up that can occur due to residues
being deposited in the condensation process.

Eliminate internal maintenance that could be required
if residue build-up is a problem.

Reduce process heat input by gliminating condensa-
tion & outside wall losses.

BOX 470522

TULSA, OKLAHOMA 74147

struction is of a stainless steel cloth with heating
cable permanently mounted on the inside surface.
Size can vary from just a few square fest to several
hundred square feet. They give uniform heating,
with a wide range of watts per square foot available.
Equipped with incoloy sheath heating cable, the mats
can withstand very corrosive and high temperature
environments, Incoloy cable offers exceptionai resis-
tance to readucing acids, oxidizing chemicals and
chloride-ion stress-corrosion cracking. Standard
incoloy sheath heating cable constructions ¢an oper-
ate continuously at temperatures to 1000°F, and with
the unit end cap of welded construction, unit sheath
temperatures can withstand 1500°F, In less corrosive
and extreme temperature conditions, copper heating
cable can be furnished.

One of the greatest advantages of the mat heaters,
is the minimal labor required for installation. They
are relatively easily handled, with an average weight
of only 6 Ibs/sq. ft. To insure a snug tight fit, the mats
can be furnished with fastening bands that are fac-
tory installed. After the bands have been secured,
the heating cable is safely protected by the stainless
cloth.

Typ. mat heater application

PHONE: (918) 258-1551
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Heating a 200’ diameter storage tank

TRASOR has furnished “MAT” heaters for the side
walls of a 200’ diameter Bunker C storage tank
similar to that in figure C. Allowing for changing liquid
levels, the heated area was divided into seven hori-
zontal zones. Each zone required six 100’ long mats,
2', 3’ &4’ in width. The mat design allowed for the
stairs and all nozzies. Each zone was separately
controlled,

The life expectancy of a TRASOR heating mat is
unlimited. Often, the mats have been removed from
one system and reused on another. Being completely
of metal & mineral construction, the units will not age
as with organic systems.

For installation details see TRASOR bulletin P-115
& P-121.

BOX 470522,

COoRe

TULSA, OKLAHOMA 74147

MAT CONTROLLERS

The surface being heated can be monitored and the
temperature controiled by using a thermostat or ther- -
mocouple controlier. The thermocoupie can be fur-
nished attached to the mat, and where averaging
may be desired, two, three, or four thermocouples
can be furnished.

SLAB HEATING

TRASOR slab heaters use the same heating cable
as with the above mats, but the cable is mounted on
concrete reinforcement mesh. From parking fots to
airplane hangers, the mats have been used to heat
slabs for snow meiting and comfort heating. The slab
heaters are U.L. listed and are shown in detail on
bulletin P-117.

PHONE: (918) 258-1551



Installation Instructions

{ Ref. No. P-121

INSTALLATION AND OPERATING INSTRUCTIONS

FOR TRASOR HEATING MATS

Each mat heater must be inspected and tested to insure
that it has not been damaged during shipment or instai-
lation. These requirements are described on TRASOR
bulletin No. P-115. Mat heaters should be instalted in
accordance with the pians, specifications and the follow-
fng instructions.

MAT HEATERS

TRASOR mat heaters are made of a welded stainless steel
cloth with TRASOR heater units permanently attached to
the inside surface. Exiting from the side of the mat, the
cold section is used to connect the mat to the power

source. The mat is equipped with stainless steel banding -

for fastening the mat to a surface or wall. See figure 1.
Each mat heater is rolled and packaged in a sonotube.
The tubes open from one end and the rolled mats are
gasily removed. :

Figure 1 — Typ.'mat heater

HEATING CABLE,

INCOLOY OR COPPER COLD éECTION

INSIDE SURFACE OF MAT
L~
%
:::§

-

STAINLESS STEEL BANDING
WITH CLIPS

WELDED STAINLESS
STEEL CLOTH

Figure 2 — Typ. vertical wall heating system

MAT HEATER

MATS JOINED WITH STAINLESS
BANDING & CLIPS

b
F} t

M| EXITING PIPES OR
Yo\ OTHER OBSTACLES

THERMOSTAT CONTROLLER

HEATING VERTICAL SURFACES

Typical heating of a vertical surface wall is shown in figure
2. This figure shows how common obstacles are encoun-
tered. The mats should be unrolled as they are installed,
with the stainless cloth on the outside, while the heating
cabie is protected on the inside surface of the cloth. These
mats are relatively easily handled, with an average weight
of only .6 Ibs/sq. ft. When long mats are being installed,
Nelson weld studs should be used approximately every
5 feet so that the mat can be temporarily hung into place.
See figure 4 & detail A. When encountering obstacles, the
mats are provided with cutouts and banding as shown in
detail A, If unexpected obstacles are encountered, the
mats can be cut with wire cutters and the cable can be
easily repositioned on the mat. All mats are designed and
supplied with drawings to avoid such instances. After the
mats are hung into place, they should be secured with
stainless steel banding. In most situations, the mats will
be supplied with banding already secured to the mat,
which aids in fast instailation. A pipe banding tool should
be used to tighten the bands. When mat ends do not meet, -
banding stud plates should be used. The plates are bolted
to a threaded weld stud that has been welded to the wall
surface. See figure 3 & detail B,



Detail A — Banding around obstacles

Figure 4 — Typ. Nelson weld studs

NELSON WELD STUDS

HEATING MAT

NELSON WELD STUD

STAINLESS BAND & CLIP

EXITING PIPE OBSTACLE

Figure 3 — Typ. mat banding treatment

"“PBB"” STAINLESS BANDING

Fa

&
£
Py

)

MAT

/

MAT CUTOUT

SEE DETAIL B

G

\<£7\ HEATING MAT

HEATING INVERTED SURFACES

When heating inverted surfaces, such as a tank or vessel
bottom, where mats cannot be secured with banding.
Nelson weld studs & speed clips can be used. Before the
mats are installed, using a Nelson studgun, studs are set
approximately every 18 inches. After the studs are attached,
the mats can be held into place and secured firmly against
the wall with the speed clips. If desired, fonger studs can
be used and the insulation can also be fastened in the
same manner..See figure 5 & 6.

Figure 5 — Fastening mats to inverted surfaces

Detail B — Banding stud plates

"PBC" STAINLESS CLIPS

BANDING

¥ "-20 THREADED WELDED STUD TO TANK WALL
WI/NUT, L/W & STUD PLATE

CABLE ON INSIDE SURFACE OF MAT

SPEED CLIPS »
(
L~
/ -
"
-~
\ WELD STUD
- HEATING MAT

I
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rigure & — Instailing insulation on inverted surfaces

Figure 8 — Typ. mat feed arrangement

HEATING MAT

SPEED CLIP

CONTROL

CONTROL CAPILLARY
& HTR. COLD SECTION

SUPPLY CONDUIT

MAT HEATER

INSULATION COVER

INSULATION

Figure 7 — Typ. controi mounting

THERMOSTAT CAPILLARY TO TOP OF MAT

MAT COLD SECTION

GALVANIZED SRACKET

Ua:g\

“TRS" CONTROL

BRACKET WELDED TO TANK

CONTROL MOUNTED ON
l— GALVANIZED BRACKET

/

é—'_‘—-—-
CONDUIT TO CONTROL
CONDULET
\ SUPPLY CONDUIT
TANK WALL

MAT CONTROLLERS

The surface being heated can be monitared and the tem-
perature controlled by using a thermostat or thermocouple
controller. Typical locating and mounting is shown in figure
7 & 8. The thermocoupie can be furnished attached to the
mat, and where averaging may be desired, two, three or
four thermocouples can be furnished. The thermostat
capillary & bulb should be protected against the wail sur-
face under the cloth mat between passes of cable. See
figure 9.

Controllers can be furnished mounted on gaivanized
brackets that can be easily spot welded to the vessel wall
where required.

Figure 9 — Typ. capillary and buib location

CAPILLARY ON THE INSIDE SURFACE
BETWEEN PASSES OF CABLE

e
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TERMINATION

The heating mat is equipped with cold section leads, which

. are available in any length to reach remote junction box

! locations. This cold section is a conduit system in itself

for connection to the power source, and will not generate .

heat. Care must be taken not to damage this section,
because it is not protected by the stainiess cloth. Each unit
is terminated with a brazed seal and furnished with a pres-
sure fitting for attaching the cabie end into a conduit hub.
See figure 10.

RECOMMENDED NELSON EQUIPMENT

101-260-100 12 GA. x 1” Wire Studs
502-001-002 Med Foot

511-001-002 Spark shield
521-001-014 Morse taper adapter
500-001-153 Chuck

101-010-011  %-20 x 1” threaded stud

100-101-006 14 “ Ferruie

501-001-005 Ferrule grip ¥4 "
500-001-007 Chuck

1f 400 Amp Lincoln, Hobart or equivaient D.C. welder is

Figure 10 — Typ. mat cold section termination

HEATER UNIT TERMINATION SLEEVE

HEATER UNIT

COLD SECTION Yo" or 3" NPT.
¥ — gl
1 _.—_-lc<"
\ 11” POWER TAIL
CAP GLAND BODY
FERRULE
rasor
CORP.
BOX 470522

TULSA, OKLAHOMA 74147

available use Nelson no. “NS-30" control. If the above is
not available and 208, 230 or 460 VAC, 1ph., 60 Hz is avail-
able use the Nelson no. “TR-4508" controller with free
wheeling diode and combination 50’ cable.

WARRANTY

TRASOR heating products have been manufactured and
tested to quality standards. Each unit must be checked
just prior to instaliation. Any unit found to be defective in
material or workmanship at this point may be returned for
replacement.

PHONE: (918) ~
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3.2 MAJOR EQUIPMENT

Table 3.2-1
Listing of Major Equipment in Area 100

Area Description Equipment No.
100 Host boiler duct extraction scoop ES-101
100 Reactor train A flue gas takeoff ES-102A
100 Reactor train B flue gas takeoff ES-102B
100 Reactor train C flue gas takeoff ES-102C
100 Reactor train D flue gas takeoff ES-102D
100 Reactor train E flue gas takeoff ES-102E
100 Reactor train F flue gas takeoff ES-102F
100 Reactor train G flue gas takeoff ES-1026G
100 Reactor train H flue gas takeoff ES-102H
100 Reactor train J flue gas takeoff ES-102J
100 Main extraction line flow control damper FCD-101
100 Economizer bypass flow control damper FCD-102

3.2-1



4.0 AREA 200: FLUE GAS DISTRIBUTION
HEADER TO REACTOR INLET

Area 200 is the area from the flue gas header to the outlet of the inlet
duct for the SCR reactors. This area includes the flue gas extraction
header, reactor train isolation dampers, eleciric flue gas heaters, flow

L

venturi, air purge for startup and shutdown, and reactor intet ducting.
list of Area 200 major equipment is provided in Table 4.2-1.

4.0-1
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‘4.1 DESCRIPTION
4.1.1 Flue Gas Extraction Header

Common round pipe will be utilized for the flue gas ductwork, from the
extraction scoop to the reactor inlets. Transition pieces also will be

used where necessary for connecting to equipment on ductwork with
rectangular interfaces.

There are two alternatives being considered for the take-offs from the flue
gas manifold for the small reactors on high-dust service. Originally, and
as still depicted on the Tayout drawings in this report (See Figure 4.1-1),
each reactor would have its own take-off. However, an alternative which
probably will be used is the use of a common extraction scoop for all five
of these small reactors, as shown in Figure 4.1-2. The large reactors will
still maintain individual take-offs, as shown in Figure 4.1-1, and the flue
gas manifold will decrease in size after each take-off to maintain the duct
velocity at 60 fps. The reactor take-offs from the manifold should be at
an angle less than 90 degrees (i.e., 45 degrees). Therefore, standard Y
piping components can be used for the large reactor manifolds. - Long
radius elbows should be used for 90 degree turns in all the duct work to
the reactors. (Refer to Exhibit 4.1-A for information from DynaGen on
take-off layouts.)

4,1.2 TIsolation Dampers
A positive shutoff damper will be installed in each reactor train duct to
allow for routine maintenance and to isolate the system from the host

boiler during system upsets. Air-in leakage for the isolation dampers must
be minimized, particularly for the Targe reactor trains.

4.1-1
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acc. fairing behind scoop and guide vanes see aiso fig. 1.1.1

Figure 4.1-2. Common extraction scoop for small reactor.
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4.1.3 Electric Flue Gas Heaters and Air Purge

Purpose

The flue gas electric heaters will be used to control the temperature of the
flue gas entering each SCR reactor. Each reactor train will utilize an
independently operated heater, or bank of heaters, fo control the flue gas

temperature for that particular reactor. The flue gas temperature coming out
of the electric heaters will range from 620°F with heaters out of service to
750°F with maximum heater operation. Maximum heater loads will be calculated
for a flue gas outlet temperature of 750°F when operating at the maximum flow
rate, 7500-scfm for large reactors, and 600-scfm for small reactors.

The flue gas electric heaters will also provide a heat source to heat ambient
air when purging the reactor of combustion gases or heating the reactor up
during cold start ups. The ambient air purge allows controlled startup and
shutdown of the catalyst, particularly when passing through the moisture and
acid dewpoints. The flue gas electric heaters will be required to heat
ambient air from a temperature of 30°F to 300°F when operating at the minimum
reactor flowrate, 3000-scfm for large reactors, and 260-scfm for small
reactors. -

[ %]
i
Il
[43]

The electrical heater loads were grossly estimated using the following
formuta:
kW = [CFM x Deita T]/3000
Where: CFM is the flow rate of gas at standard conditions (70°F and 1 atm)
(Note: SCFM in this report is given at 32°F, 1 atm)

The large reactor flow ranges from a maximum of 7500-scfm to 3000-scfm with
the design flow rate being 5000-scfm. Therefore, maximum electrical load for
the large reactor heaters when heating flue gas would be approximately:

(7500) ( (460+70) / (460+32)) (750-620) /3000 = 350 KW

2
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Maximum heater loads for heating ambient air for large reactor purge would be
approximately:

(3000) ({460+70)/(460+32)) (300-30) /3000 = 291 kW

The small reactor flow ranges from a maximum of 600-scfm to 260-scfm with the
design flow rate being 400-scfm. Therefore, maximum electrical load for the

small reactor heater when heating flue gas would be approximately:
(600) ((460+70)/(460+32)) (750-620) /3000 = 28 kW

Maximum heater loads for heating ambient air for small reactor purge would be
approximately:

(260) ((460+70)/(460+32)) (300-30} /3000 = 25 kW

Location

The electric heaters will be Tocated in the ductwork upstream of the SCR pilot
plant reactors. The inlet ductwork consists of round carbon steel or spiral
wound pipe and will range in size from 24 in. diameter for the large reactors
to 6 in. diameter for the small reactors. Provisions can be made for square
or round mounting through custom or standard type flanges. See Figure 4.1-3
for a conceptual installation configuration.

The physical layout of the large reactor heaters is shown in Figure 4.1-1.
The heaters will be mounted in a horizontal duct run with flue gas contact
perpendicular to the heater elements. There is 10 linear feet of duct run in
which the heater must fit.

ATthough the small reactor heaters have not been physically located, it is
assumed that they will also be in a horizontally mounted duct.

The location of the heaters will be downstream of the air purge connection and
upstream of the ammonia injection grid. This allows ambient air to be drawn
across the heaters to allow reactor purging and heatup. Also, the ammonia is

4.1-5



LARGE REACTOR FLUE GAS ELECTRIC HEATER

PROPOSED CONFIGURATION

N Ol

U

4 N
N -

C WO

END VIEW . SIDE VIEW
O

TOP VIEW

Figure 4.1-3, Conceptual illustration for electric heater.
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injected downstream of the heater where it would not be subjected to high
surface temperature elements and hence, thermally degrade to form NOx.

For both Targe and small reactors, the flue gas heaters may be a single
heater, bank of heaters or staged heaters, whichever economically meets the
required flexibility.

Qperatien

The flue gas electric heaters will be heating a dust-laden gas produced in a
utility boiler. The flue gas temperature supplied to the electric heaters
will vary between 620°F to 680°F depending on boiler load. The minimum
temperature of the flue gas supplied to the electric heaters is 620°F by using
an economizer bypass line.

The maximum required flue gas temperature leaving the electric heaters is
750°F. The typical operating design outlet flue gas temperature from the
electric heaters is 700°F. Therefore, final heater size should be able to
raise the flue gas temperature from 620°F to 750°F at the maximum flue gas
flow rate. '

Control

The flue gas electric heater control shall be capable of maintaining the bulk
gas temperature to within + 2°F of the desired setpoint. The pilot plant
Distributed Control System (DCS) will output one (1) 4-20 MA DC signal to the
heater controls. The heater({s) shall use silicon control rectifiers to
control heat output based on the value of the 4-20 MA DC signal (4 MA = zero
heater output and 20 MA = maximum heater output). The heater control shall be
provided with overload protection, flow detection, and overtemperature
protection.

Process Concerns

There are two process concerns related to the flue gas electric heaters. The
first concern is.the tendency of the heaters to oxidize S0, to $0;. This side

4.1-7



reaction takes place due to the catalytically active metallic surface of the
heater element operating at high temperature. The surface temperature of the
heater element is much hotter than the bulk gas temperature. Since $0; is
undesirable to the pilot plant and downstream equipment, minimizing the
conversion across the heaters is desired. The expected S0, and SO
concentrations in the flue gas are shown below.

Sulfur Dioxide (S0,) 2200 - 3000 ppmv
Sulfur Trioxide (S0;) 15 - 20 ppmv

One option which should be explored is the ability of vendors to furnish
ceramic type heater elements rather than metallic alloy type heater elements.
_This would reduce the conversion rate of SO, to SO; since ceramic is less
catalytically active than metal. A second option would limit the watt-density
of the individual heater elements fo Tess than 20 watts per square inch.

The other concern is fly ash erosion of the heater elements. The heaters will
be subject to a fly-ash-laden flue gas. The ash loading, gain loading, and
particulate distribution are in Table 4.1-1.

Electrical

The pilot plant has 480 volt, 3-phase, 60 hz power available for the electric
heaters. The heaters will utilize high temperature cables to protect from
overheating of wires and/or meIting insulation. It is desired that
overtemperature control be incorporated into the heater design to prevent the
heaters from burning out when no flow conditions occur. External heater
components should be enclosed in a NEMA 4, or 4X-type, enclosure for weather
protection. The heaters should be electrically isolated from the pilot plant
or host unit electrical supply to prevent any noise from causing problems in
the upstream side of the electrical supply. The number of multiple heaters
(or heater banks) shall be divisible by 3 to minimize phase distortions.

4.1-8



Flowrate (acfm)

Table 4.1-1
Heater Inlet Conditions

Large Reactor

Small Reactor

Maximum 17378 acfm 1390 acfm

Design 10975 acfm 878 acfm

Minimum 6585 acfm 527 acfm
Ash Loading (1b/hr)

Maximum 225 1b/hr 18 1b/hr

Design 150 1b/hr 12 1b/hr

Minimum 90 1b/hr 7 1b/hr
Grain Loading (gr/acf)

Maximum 1.59 gr/acf 1.59 gr/acf

Design 1.59 gr/acf 1.59 gr/acf

im Minimum 1.51 gr/acf

4.1

9

1.51 gr/acf



Miscellaneous Requirements

It is desired that the flue gas electric heaters be furnished with changeable
heater elements (vs welded elements) rather than replacing the entire heater.
Provisions should be made to minimize the occurrence of ceramic insulator
damage due to moisture or overheating. A flue gas electric heater furnished
with a flange connection on each end to allow one to 1ift it into place is one

C

idea under consideration. This is illustrated by Figure 4.1-4. Figures

4.1-5 and 4.1-6 show electrical hookup of the heaters. The flange to flange
dimension for the large reactor should not exceed 10 ft. Small reactor heater
dimensions are not yet defined.

Flue Gas Composition

The predicted flue gas composition for the large and small reactors at maximum
flow conditions are shown in Table 4.1-2.

Venturi

DynaGen has concurred that a venturi type flowmeter is a good choice for flow
measurement for a high fly ash environment. A flow straightening grid should
be installed ahead of the venturi flow meter to eliminate any swirls in the
fiue gas. These low straighteners should be per ASME, AMCA and ASHRAE
guidelines. Preliminary design assumes a non-calibrated venturi. Pressure
taps will be provided by a piezometer ring, or averaging annulus, to increase
accuracy. The rings will have an automatic air blowback system to
periodically clean the taps of fly ash. See Figure 4.1-7 for a sketch of the
venturi, and see Exhibit 4.1-B for information on flow measurement supplied by
DynaGen.

4,1.4 Reactor Inlet Ducting

For the reactor inlet ducting design, DynaGen performed flow modeling tests
with a 1/2 scale model of the inlet ducting for two alternative designs. Each
alternative reflected the following changes from the originail react0r in1et
concept: a) change from a vertical inlet duct run to a horizontal duct run

4.1-10



SMALL. REACTER ELLECTRIC HEATER

4'-0" MAXIMUM

INSULATION THICKNESS
APPROX. 17-0*

LARGE REACTOR ELECTRIC HEATER

1070 MAXIMUM

| AY
V\‘
247 150§ ANSI FLANGE (TYP)

INSULATION THICKNESS
APPROX. 1°-0*

Figure 4.1-4. Flue gas electric heaters.

4.1-11



*s497eay J030ead abue| J0) dnyooy |BILUJID[D JO YIS

"G~ % @unbLy

AN g

AA g

A g

¢sal 0Sh 3
ISNY ¥

SHILIVIH d0LIVHY 394V

LANIEYD T0dLNOD

r— 1
| | \,
A
} | Y
! L1 5\
f [ L P /
I [ | N\
T L1 Tz 4¢e nosr N
I —1 | kN
_ L] “Nz 02 9 € ‘A 08¥ ../
N\
| ] ./
| | \
| [ N\
| I \
| I N
| I Y
| | \
] P / AddNS
\ _ L] _N: 09 4 & ‘A 08k % ¥3mad
S / SUOSYHOEN
ke ﬂ; “ | - "N: 09 9 £ ‘A 08b \\ il
h I
/
! - _N: 09 9 € ‘A 08K
_ _ /
| ! /
i f /
I ! /
1 I 4
! I \
} [ /
I |- /
I LI Tzvoes e n oar ¢
y | | /
Le A/ [ L [ Twmaogenor [/
| e T /
I L] Tmosdenoar ’
L __ J
(dAl> SHATAIEDI3N
DNV Y vV ¥013v34 3Dyv7 0dLNAD
I .k NODITIS

4.1-12



*SJd9jeay J4030ead |lews J40) dnooy [BILJ}D3|D JO UYIIayS ‘9-1°¢ odnbLd

SAFLIVAH ¥IV¥ NOILNTIAd YINOWWY 8 0109V TIVWS
L3INISWD 0MANOD
r————— 1
SIv
NOLLAALD _a. o L Y,
YINOHHY “ tJ “ ZHOT D EAGSE N\
_ | \
i | \
oAy | fa e w " _ /
TIVHS i J | ZH 09 b e ‘A oBk A
i _ \
“ " ,/
H A0L%3Y | [ s I I N . ™
TIYHS i L ] ZH 09 b £ ‘A 08F / ...._..
! | ;
— i . | /, =
{ o N Alddns
9 maw_m_mmw R g IR [ S —— / d3IA0I
p o beed yzHos e A ooy /SH0SYHIANG
= “ “ \\ oL
VAR i | /
4amov3y o I T /
WHS “ || “ ZH 09 D € A 08F \
| |
3 ¥OLovIN I o 4
TwHs | {5 I LT jznos e e \\
t } \\
— o
/
0 HOLOY3Y — ! — ! /
TIVHS ™ m. L_¢ .M ZH 09 b E ‘A 08F /
(ALY ¢SO 0SD IONYIS ISNV vIA .wm. mmm_mm_pﬁwwm
NOJIIS




Flue Gas Composition At Maximum Flow Conditions

Large Reactors

Table 4.1-2

Small Reactors

Sma]] Reactor

(High Dust) (High Dust) (Low Dust)
Reactors A,B,C " Reactors Reactor J
D,E,F,G,H

Component 1b/hr Weight¥% lb/hr  Weight¥% 1b/hr Weight%
Co, 7643 20.57 611 20.55 611 20.69
0, 1190 3.20 95 3.20 95 3.21
N, 25730 69.24 2058 69.22 2058 69.64
§0, 178 0.48 14 0.47 14 0.47
SO4 2.01 0.01 0.16 0.01 0.16 0.01
NO 14.28 0.04 - 1.14 0.04 1.14 0.04
NO, 1.15 0.0003 0.09 0.0003 0.09 0.0003
HC1 4.75 0.01 0.38 0.01 0.38 0.01
H,0 2173 5.85 174 5.85 174 5.89
Ash 225 0.61 18 0.61 0.11 0.004
Total 37161 100 2973 100 2955 100
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with round to rectangular duct transition; b) addition of a diffuser, equipped
with internal baffle plates and expansion in only one dimension; and c)
transition from horizontal to vertical flow into the reactor inlet is equipped
with turning vanes.

The model design achieving the best velocity uniformity results and requiring

the minimum space is shown in Figure 4 1-8 along with the testing
arrangements in Figure 4.1-9. The velocity profile data for the inlet
geometry in the round piping ductwork is shown in Figure 4.1-10 to be uniform
and symmetric. However, in initial flow model testing, the velocity profile
uniformity at location 2, which is the diffuser outlet, was much less uniform
than at Tocation 1 with high velocities, about 50 percent above average, in
the center, and low velocities at the walls, as shown in Figure 4.1-11. This
phenomena resulted from the flow area expansion from a 1 foot circle to a 1
foot square, followed by the expansion across the diffuser to a 1.5 foot x

2 foot cross-section. To reduce the velocities and distribute the flow more
uniformly, a set of resistance pipes was located immediately at the outlet of
the circle to square transition (which also corresponds to a possible ammonia
injection cross-section). ‘

ST1ight modifications in detail geometry of the resistance pipes progressively
improved location 2, the diffuser outlet, uniformity from 16.7 percent of data
within +/- 10 percent, as depicted in Figure 4.1-11, to 87.5 percent of data
within +/- 10 percent for the final resistance pipe design selected and shown
in Figure 4.1-12.

The velocity profile test resu]tslfor the optimum design tested are summarized
in Table 4.1-3, with graphical display of results at locations 3 (core inlet)
and 4 (core cutlet) presented in Figures 4.1-13 and 4.1-14.

About 96 percent of the results were within +\- 10 percent of the average
velocity and 99 percent of the results were within = 15 percent of the
average.
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MODEL GEOMETRY FOR ELBOW VANES AND DIFFUSER BAFFLES
FOR REACTOR INLET !MODEL DESIGN NO. 1
(lYodel Scale Factor = 2)

Diffuser baffles equally
spaced at imnlet and outlet

<a? ;""'"__'_-_—-—_- © |
fih___ “*“-—-———111-_ |
2" | 4 18" " 24"
- - - -
60"
! K
A2 - o _ _ ﬂwﬂ
| | il
T
| %
_‘ 24" .

11 vanes
1" inlet space
2" outlet space

Figure 4.1-8. Reactor inlet model design achieving best velocity uniformity
results. _
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MODEL GECMETRY AND VELOCITY TRAVERSE LOCATIONS
FOR REACTOR INLET MODEL DESIGN NO. 1

. ’ (Model Scale Factor = 2.0) I
v " ] )
D B e o ——-
\\~l—/} : : t ¢ ]I
' ’///(: d b,
1/2" x 1/2" grid ZCGBZ open 12" | 6" 18" " zy"
flow straightener perforated plate - l R o
48 &b

'zn@

-

an
N

IEFRIEIRNEEERED]

Instrumentation Locations

1. Pitot tube

40 points, 8 radii, 5

2. Hot wire anemometer
36 points (8 x 12}

3. Hot wire anemometer
288 points (12 x 24)

4. Hot wire anemometer

288 points (12 x 24)

Figure 4.1-9,

points
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Spacer size

varies from

0" to 12"

Dummy i
reactor core

72-" —r° 8"*”

6ll

12"

11

3t O—

I

36“

"

-

Reactor inlet model design testing arrangements.




MODEL INLET PIPE VELOCITY PROFILE AT LOCATION 1
FOR GECMETRY DOCUMENTED ON FIGURE 1
APPLICABLE TO ALL TESTS FOR REACTOR INLET DESIGN NO. 1

Percent of average velocity
Flow out of paper

-

Dowvnistream
! elbow located
? here

.
»
.
'
bl
1]
hagum——
[
.
.
.

Data located at center of equal area segments

% of data within bands
RMS = 0.084 +10% 80%

+15% 92.5%

+25% 100%

Figure 4.1-10. Velocity profile data for round piping ductwork in reactor
inlet model.
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FIGURE & TEST Na. /owj ISO-VELCCITY CONTOURS
BASE CONF IGURATION REACTOR INLET ~ DESIGN 3|
SFPACER BETWEEN ELBUOW AND CORE Mo
RESISTANCE PIPE NEAR DIFFUSER INLET ALO
TRAVERSE LOCATION DOWN STREAM OF DIFFUSER 32~

Percent of Average Velocity
Flow Out of Paper

20
3
= |
éi i35 %
W i
[ .
o 19 L
— A
oL .
o
L -
m o
5 -
)

SICE NEAR INSIDE OF ELBOW (INCHES)

Figure 4.1-11. Initial velocity profile data at location 2, diffuser outlet,
with poor uniformity results.
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Table 4.1—3

Velocity Profile Test Results Summary for
Selected Model Reactor Inlet Design

Geometry Location No.
Description Description RMS® + 10%(%)° + 15%(%)°
‘Open design 2 - Diffuser 0.066 87.5 97.9

i and Qutiet
diffuser vanes/ 3 - Dummy 0.074 86.1 95.5
No space-between Layer Inlet
elbow and core/ 4 ~ Dummy 0.049 95.5 99.0
Fine 1" dowels Layer Qutlet

unequally spaced,
58.3% open average

ST RMS = Standard deviation of velocity about an average velocity,

expressed as a fraction of the average velocity. For a
value of zero, the flow would be perfectly uniform with
all data points equal.

0 Percentage of data within + 10% band about the average.

®) percentage of data within + 15% band about the average.
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§ Pipe Resistance for Tests 16 and 17

R f o 1.8 % R _*
o 2517 “w
o S A ]ﬂ
- - e _ - WW -
< yril | )
Y D L5* -jﬁ] I
L Five 1" dowels R )j l
unequally spaced

58.3% open average |

Figure 4.1-12. Detailed geometry of the resistance pipes. (USAD as ammonia
: injection grade.)
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: TEST No. /7 ISO-VELOCITY CONTOURS
BASE CONFIGURATION REACTOR INLET DESIGN #/

ST

SPACER BETWEEN ELBOW CORE ’NO
RESISTANCE PFPIPES NEAR DIFF (=
TRAVERSE LOCATION 3 CORE _INLET
Percent Of Average Velocity
Flow Out of Paper
[ w m® al s o @ @& & o 6 ®& o
45 % BT 0w 9f 53 ]
40
33
. 30
w
e o
$
~ 23
&
w
- 104
g 20 "
|
165
15 168
108
T,
10 -
o)
@ Ll ]ﬁl

© 5 18 15 20 25 38 35
SIDE NEAR INSIDE OF ELBQW (INCHES)

Figure 4.1-13. Graphical display of test results at location 3.
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: TEST No. {7 ISO-VELOCITY CONTOURS
BASE CONFIGURATION %E&:!oz [NLET DESIGA #1
SPACER BETWEEN ELBO
RESISTANCE PIPES NEAR DIFFUS]

TRAVERSE LOCATION Y CORE OUTLET

Percent Of Average Velocity
Flow Qut of Paper

45

40

) ] (o) W
(o) (] = aun

LONG SIDE (INCHES)

—_
wn

10

5 10 165
o Lim it = g
© 5 1@ 15 20 25 30 35

SIDE NEAR INSIDE OF ELBOW (INCHES!

Figure 4,1-14. Graphical display of test results at location 4.
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Conclusions from the above DynaGen fiow modeling results are as follows:

1. This is the minimum height and Tength design and is a more practical field
unit configuration.

2. The initial base design, with elbow vanes and diffuser baffles but no
resistance pipes, was very poor.

3. Resistancé pipes are needed at the outlet of the circle to square
transition to improve velocity profile uniformity.

4. The best velocity uniformity results achieved for test 17 were RMS +
0.049, 95.5 percent of data with +/- 10 percent of average, and 99.0
percent of data within +/- 15 percent.

5. This velocity uniformity could be improved further by:

a. adding more dummy core Tength;

b. using unequally spaced vanes; or

c. adding a second resistance at the diffuser outlet or the elbow
outlet.

6. The pressure loss is Tow from Location 1 in the inlet pipe to Location 4
at the core outlet and is about 0.69 in. of water at field operating
conditions.

7. The pipe resistance can be used as the grid for the ammonia injection
nozzles.

8. The use of a 12 in. model spacer between the elbow outlet and dummy core
inlet gives better results above the dummy core but worse results at the
dummy core outlet.

In follow-up testing to evaluate vertical versus the previously-tested
horizontal arrangements for resistance pipes, it was concluded that the
horizontal arrangement provided the best velocity uniformity results and so
the final design will incorporate the horizontal resistance pipe
configuration. One change, from figures previously shown, increases from a
four-cell diffuser with three bafflies, to a five cell diffuser with four
baffies. This will better match with a 5 x 5 nozzle array for ammonia
injectijon (See Section 5.0, Area 300.)
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DYNAGEN'S SYSTEM LAYOUT
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Section 8

SYSTEM LAYOUT GUIDELINES AND SUGGESTIONS

81  Desireable Piping Components

The use of round pipe, elbows, and junctions will be satisfactory for the SCR
system. Some suggested components are shown on Figures 4, 5, and 6 with the following
comments: :

1. When elbows are used, they should be standard, long radius, smooth elbows
or equivalent mitered elbows with about 4 miters.

2. Figure 4 shows geometry and pressure loss for 45° diverging Wye junctions
that could be used for the takeoffs to the large reactors. The main duct
area should be reduced to maintain a constant design velocity level. The .
take off to the last reactor should. be a standard, long radius elbow. The
take off should be to the side rather than down so that the dust loading is
not biased by pulling flow off the bottom of the duct. The use of a wye
junction will reduce pressure loss, improve take off pipe velocity profile, and
produce a more stable flow pattern free of flow separations.

3. Figure 5 shows geometry and pressure loss for small take off pipes at 45° to
a constant area main pipe that could be used for the small reactor take offs
from the main supply pipe. In addition to these, the take off pipe could
continue at an angle or turn upward parallei to the main supply pipe. My
recommendation is that these smail take offs be located in the vertical run
of the main supply pipe. They do not all need to be off the same side of
the main supply pipe. Above the last small takeoff, reduce the main supply
pipe area to increase the velocity back to the design value.

4. Figure 6 shows geometry and pressure loss for several converging flow Wye
junctions that could be used downstream of the fan. The Wye junctions will
have lower pressure loss and more stable flow patterns.

5. A design velocity level of 60 fps should be satisfactory to prevent significant

dust stratification but I will evaluate this further when I receive the particle
size results from the Unit 5 field test.
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82 Venturi Met ation Requiremen

I have enclosed pages from the ASME power test code PTC 19.5; 4-1959 on flow
measurement. This is the 1959 edition. I am trying to find out if there is a more recent
version and will send you a copy when I get hold of it. Here are some comments:

1.

Use a venturi of standard dimensions for which ASME discharge coefficients
apply ualess you want to calibrate a non-standard venturi. A venturi supplier

should also be able to provide a calibration.

Calculate your Reynolds numbers to see where you are for discharge
coefficient on Figure 15. You are probabily above 200,000. ’

Use a flow straightener to eliminate any swirl at the venturi meter inlet.

Use Figure 16 to determine the length of straight pipe needed upstream of
the venturi.

You could also use an ASME nozzle flow meter but the added pipe
requirements up and downstream may not make it any shorter. Also, the
pressure loss will be greater and the downstream flow will be more distorted
and turbulent.

Read the installation instructions carefully.

Since your flow meter will be at high temperature, there will be corrections
for thermal expansion.

Also attached are the flow rate calculation procedures and equation factors
needed for gas flow.
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Figure 4

CIRCULAR DIVERGING FLOW JUNCTIONS FOR MANIFOLD TO LARGE REACTCRS

1.0
o9r Q—b . Q}
A
? w N A=A, ~-A
08} " ' 2 3 1
\ Round or Close
X . to Square
0.1 @ -
0.6 4
-y
= 2 /
, = T / /
g < MU= ey YAV %
(=) [~} k] -y (<
/ / / il /]
0.4 A
/ / / / 01‘,
A
B 8% / /"/’/’)"-
5
0.2 J / / k/ ///// ?10..
| / / | m// F AT |48
a1 //
0 J
( 0 01 .02 03 0.4 0.5 0.6 0.7 08 0.8 1.0
QR A~47
Fig. 13.26. improved performanca 45° dividing junction = Aq + Ag, loss coetficient K MILLER
ig. 13.26. Improved pe 9l Ay = Ag- Ay reient K31 1978
§-17 Wve, 483 Diverging. Conical Main and Branch, with 45°
Elbow, Branch 90° to Main (ldeichik 1986, Diagram 7-19)
ASHRRAE 1984 ' .
Branch
b0 03 06 07 08 09 1.0 11 1=
(— C . 076 060 (.52 0.50 0.5 0.5 0.5 0.6} 0658
Ve -_ ) ! ’ Yy ot 14 1.6 1.8 00 22 24 24 2.8 ] :
- T T — C. 086 11 14 18 22 18 31 3 39
# ,
.. Main
{ l'c_l' 0.2 04 048 08 L0 12 14 16 1§ 2y

014 0.06 G35 0.09 0.15 0.30 0.46 0.6 0.8% 10
1.5 Dy

Vp

20



—<|

Figure 5

GIRCULAR DIVERGING FLOW JUNCTIONS FOR SMALL TAKE OFFS TO SMALL REACTORS
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N

uct Design

5-15 Wye, 45°, Round, with 607 Elbow. Branch 90 t¢ Main (Jones
1969, Fig, 3}
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C., 1.0 0.88 0.77 0.68 0.65 0.69 0.73 (.88 1.14 1,54 2.2
For main loss coefficient (C, ), see Fitting 5-

23.

5-16 Wye, 45°, Diverging, Round (Conical Branch), with 60° Elbow,
Branch 90° to Main (Jones 1969, Fig. 20)
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Ve —-Wg — g

For wye geometry, see Fitting 5-11,
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Branch
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For main loss coefficient {C ), see Fitting §-21.

21

§-20 Wye, 45°, Diverging. Round, with 30° Elbow. Branch 45%10
Main (Jones 1969, Fig. 2)
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wye, 305 Converging, Round, Conical Main (Sepsy 1973)
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Figure 6

CIRCULAR CONVERGING FLOW JUNCTIONS
FOR MANIFOLD DOWNSTREAM OF FANS
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EXHIBIT 4.1-B

FLOW MEASUREMENT EXERPT FROM DYNAGEN
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CHAPTER 4
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FLOW M_VEASUREMENT 17

() I the nozzle using pipe taps has not been
individually calibrated, the coefficient of
discharge shall be obtained from Figs. 10

C, Venturi Tubes

31 Kind and Construction.

and 11 for all sizes of pipe. Note that (a) Standard Form (Herschel Type)

thesc curves do not include the velocity
' 1

VIi=g
polate lincarly berween curves of the
nearest Reynolds numbers on Fig. 11 to
determine the coefficient of discharge for

of approach factor F = . Inter-

(1) Dimensions for standard forms are
shown in Fig. 12. The inlet section shall
consist of a short cylindrical section joined
by a smooth cutve to a truncated cone hav-
ing an included angle. of 21 deg = 2 deg. .
The inlet cone shall be joined by another

any intermediate value of Reynolds num-
ber. In Fig. 10, interpolate linearly for
any intermediate value of 8.

(c) If throat taps are used with the flow nozzle
or if special forms of flow nozzles are used,

.7 the coefficient of discharge shall be deter-
mined by actual calibration, as covered in
Par. 18. The coefficients for pipe wall tap
nozzles cannot be applied to throat tap
nozzles.

(d) Unless nozzles used at either the inlet or
outlet of a plenum chamber have been
individuallv calibrated, the value of the
coefficient of discharge shall be taken as
0.99 provided that the throar Reynolds
number exceeds 200,000.

30 Pressure Loss. The pressure loss pro-
duced by a flow nozzle may be estimated from
the curves in Fig. 3.

SMOOth curve to a sholt cylindrical sec-
tion called the throat., The exit from this
throat section shall lead by another easy
curve to the exit or diffuser cone which shall
have an included angle between 5 and 15
deg.

(2) If the inlet and throat consist of more
than one section, there shall be no step or
protruding gasket ac the joint.

(3) Each of the inlet and throat sections
must contain a piezometer ring or annular
chamber for measuring the static pressure
at these points. The fluid enters this cham-
ber through equally spaced vent holes, at
least four in number, of ¥ mn. to § in. diam.
which shall be provided with bushings of
bronze or other corrosion resistant metals
or shall pass through a liner of such metal.
These bushings shall be exactly flush with
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INSTRUMENTS AND APPARATUS

Fie. 13 A Ventem-Nozzie Tuse

Fic. 14 A Vexturt Inserr Nozzuc



the inside surface of the tube and shall have
sharp corners which will readily cut a soft
material and will not visibly reflect light.
These shall be cvlindrical with no waves,
bulges or steps of more than 0.00025 in. at
the throat or 0.002 in. at the inlet.

{#) The Venturi tube shail be connected
to the pipe line by end flanges, or by
welding.

{5) Venturi tubes shall be made of cast
iron, meehanite, or cast steel for pipe sizes
larger than 2 in., with the throat section
lined with brass, bronze, or other corrosion

surface,
For high temperatures, the coeficient of
thermal expansion of the throat liner shali
be as nearly as possible that of the tube
material.
(6) The maximum diameter ratic 8 shall
not exceed 735 per cent nor shall the mini-
mum be less than 40 per cent.
(&) Special Forms. Special forms of Venturi
tubes may be used. One such type com-
monly used in the measurement of high-

pressure feedwater and similar applica-
tions, is the Venturi-nozzle tube shown in
Fig. 13, Another special form is the Ven-
turi insert nozzle shown in Fig. 14.

32 Coefficient of Discharge.

(a) For Standard Form Tubes. Unless the tube
has been individually calibrated, the coef-
ficient of discharge shall be obtained from
Fig. 15. The curve applies for tubes of
from 2 to 32 in. pipe size and diameter
ratios between 0.30 and 0.75. When the .

pipe Reynolds number is larger than

e o108 marier 1s - o2 A

constant and equal to 0.984.

For Special Form Tubes. Al special forms
shall be calibrated at a recognized lab-
oratory before the test.

33 Pressure Loss. The pressure loss pro-
duced by a Venturi tube of the Herschel type may
be estimated from the curves in Fig. 5. For spe-
cial forms of Venturi tubes, there are no pressure
loss data available.

(0)

{Continued on page 41)
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(Velociey of approach factor #s! included)

can be made.}

{The tolerance limirs are shown by dotted lines. Coefficients shown by this curve should not be used if a direct calibration
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FLOW MEASUREMENT 4

(Continucd from page 19)
Sueron 4, SECONDARY ELEMENTS

34 For Measuring Differential Pressure.

The measurements of the differenuial pressurc

produced by the orifice, flow nozzle or Venturi
tube shall be accomplished by a system which in-
cludes any of the following: a differentzal ma-
nometer. a differential recorder, or an indicator,

mstrument to be within =1 per cent of the cor-
rect differential head through the range of flow
to be tested.

37 For Measuring Inlet Pressure.

(a) To establish the specific weight (or density)
of a rnmpro“lble Auid 1t 35 necessary

or any combination thercol.

35 Differential Manometer.

(a) The differential manometer shall conform
to the requirements of the Power Test
Code Supplement on Instruments and

Apparatus (hercinafter referred 1o as

I & A), Part 2, Chapter 5. To avoid
errors due to meniscus effect, it is recom-
mended that the bore of the manometer
tubing be as large as possible and no less
than 4 in.

(b) Note that vertical manometers shall not be
used for differential pressures less than
5 in. of manometric fluid, For lower differ-
entials, either an inclined manometer or a
micromanometer shall be employed.

(¢) Before and after each run the differential
manometer shall show a zero reading
within } per cent of the minimum differ-
ential read during that run.

36 Differential Recorder or Indicator. An
instrument recording or indicating the differen-
tial pressure. or a flow meter recording or indi-
cating directly in terms of the actual flow, may
be used. In any case the instrument shall be cali-
brated carefully before and after the test by im-
pressing known water differential heads on it. The
precision of measurement of these water heads
shall be to the nearest 0.23 per cent. Such cali-
brations shall demonstrate the accuracy of the

among other things to measure the pres-
sure at the inlet of the primary element.

t5) Pressures below.25 psig (approximately
60 in. Hg) shall be measured with a lig-
uid flled manometer, which shall con-
form to the specifications given in I & A,
Part 2, Chapter 3. For higher pressures
one of the gages specified in I & A, Part 2,
Chapter 4, shall be used.

t¢) Proper correction shall be made to com-
pensate for the fluid column between the
pressure source and the pressure measure-
Ing gage or instrument.

38 For Measuring Temperature.

1a) The temperature of the fluid shall be meas-
ured in all cases. This may be made either
with a mercury-in-glass thermometer, a1
resistance thermometer or a thermocouple
(see I & A, Parc 3, Temperature Measure-
ment).

() To avoid any disturbance in the flow pat-
tern, the preferred location of thermome-
ters shall be 5 to 10 pipe diam following
the primary element. When this is im-
possible they should be located 10 to 15
pipe diam preceding the primary element.
In the case of plenum chambers a ther-
mometer should be placed as close to the
primary element as possible, but not in
the direct path of flow entering or leaving
the element. as shown in Fig. 9.

Secriox 5, INsTALLATION

A, Primary Element

39 The conditions under which orifices, noz-
zles and Venturi tubes are installed may have
more effect on the accuracy of the test than the
degree of perfection of manufacture or the char-
acteristics of the devices themselves. The rate of
flow computed from the differential pressure pro-
duced bv these elements may be in error to an
unacceptable degree if the piping arrangements
are such that distorred flow conditions result.
Distortions of velocity traverse, helical swirls. or
vortices will all endanger the flow measurement
accuracy. A projecting gasket, musalignment, or
a burr on a pressure tap can cause considerable

error. Therefore the following rules must be

followed carefully.

40 Location. When the temperature of the

flowing fluid differs materially from the ambient,
the primary element preferably should be Jocated
in a horizontal line.

41 To insure accurate flow measurement un-
der this supplement it is essential that the fluid
enter the primary element with a fully developed
turbulent velocity protle, free from swirls or vor-
tices. Such disturbances will be minimized by the
use of adequate leng="s of straight pipe. both pre-
ceding and following tne primary element. The
minimum lengths of such piping are shown the
eight diagrams of Fig. 16. Each diagram shows a
somewhat different arrangement of piping. That
diagram nearest the actual piping arrangement
for the test should be used to determine the
required length of straight pipe on both inlet and
outlet.



42 INSTRUMENTS AND APPARATLUS

42 If these straight lengths of pipe are not
originally available, wherever possible the piping
should be rearranged so as to provide these
lengths, to secure maximum accuracy of flow
measurement.

43 Should any doubt exist as to the correct
diagram to use, or if it is impossible to arrange
the pipe to obtain the lengths of straight pipe
specified in the diagram involved, straightening

’___.,.__. e

vanes shall be used. -
Fig. 16, also specifv the minimum length of
straight pipe with straightening vanes. The vanes
must be preceded by two or more diameters of
straight pipe 1n every case.

44 Cross sections of two recommended types
of straightening vanes are shown in Fig. 17. In

A Tubaier

_In case the diameter of the pipe or some other
limitation makes boring impossible the pipe shall
be round within § of 1 per cent of the average
pipe diameter, D, and the internal pipe surface
shall be straight, free from mill scale, pits or holes,
reamer scores or rifling, bumps, or other irregu-
larities.

47 The internal pipe diameter, D, shall be
measured at four or more points in the plane of

points in the plane of the outlet connection ..
The average oF the four or more diameters in the
plane of the inlet pressure connection shall be
used in calculating the diameter ratio 3, of the
primary elements. .

48 Venturi Tubes. The pipe preceding the

ZYIRTEY

il il

B Pertersizs Proisn

Fic. 17 Two RecommenpEp DESICNS OF STRAIGHTENING VANES

the tubular type (4) the maximum distance be-
tween tube centers shall not exceed } the pipe
diameter D; and the overall length shall be at
least 8 times this dimension. These vanes may be
constructed of thin walled tubes welded together.
The perforated plate type (B) has plates held
1 pipe diamerer apart by spacers; each plate
having a large number of smail holes. Regardless
of the type of straightening vane used, they must
be secured firmly in place within the pipe.

45 Other types of straightening vanes may be
gsed but their effectiveness cannot be predicred
ere.

Internal Pipe Surface and Internal
Pipe Diameters

46 Whenever possible. the internal diameter
of the pipe shall be bored to the diameters and
to the tolerances as indicated in Table 7 for a
distance of at least four pipe diameters, D, pre-
ceding the orifice or nozzle, and for a distance of
at least 2 pipe diameters bevond the inlet face
of the orifice or nozzle. The bored portions shall
be faired into the unbored portion at an included
angle of not more than 30 deg.

Venturi tube shall have a commerciaily smooth
finish, free from unusual surface irregularities.
The average diameter of the pipe, D, where it
joins the Venturi tube shall be within =1 per cent
of the Venturi tube inlet diameter. Moreover, no
single diameter of this inlet pipe section adja- .
cent to the Venturi tube shall differ from the
average more than =2 per cent. The diameter
of the pipe following the Venturi tube will not
affect the accuracy of measurement.

Installation of the Pri'mary Element

49 Direction of Flow. An orifice shall be
installed with the sharp edge on the inlet side
and the beveled or recess if so provided on the
outlet side. A flow nozzle shall be installed so
that the elliptical approach section is on the inlet
side wicth the throat on the outlet. A Ventun
rube shall be installed so that the short straight
section is on the inlet side, with the restoring cone
on the outlet,

50 Centering the Orifice or the Flow Noz-
zle. When installed in a pipe line the center of
the concentric orifice hole or of the nozzle throat
shall be within = 3% in. of the axis of the pipe.
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strument. For steam service they shall be suira-
ble for saturated steam temperature correspond-
ing to the actual line pressure. For other than
steam service they shall be suitable for the zctual
main line pressure and temperature.

Secrion 6,
75 The following symbols have been adopted
Lo . . 4

by the ASME Research Committee on Fluid Me-
ters and by the American Standards Association.

76 In using numerical subscripts with differ-
ential head meters, certain conventions mare or

_ 7% 1f a by-pass valve has not been provided
integrally with the instrument, such a valve shall
be incorporated between the differential gage
shut-off valves and the gage itself, as illustrated
in Figs. 29 and 30.

SynBoLs

L}
less ge‘x?e,l;ally used should be stated. The sub-
seript “1” refers to the inlet or upstream section

and usually to that particular section at which
the inlet pressure is taken. Subscript “2” refers
to the outlet or downstream section of pipe at
which the outlet pressure is measured in the case
of orifices and flow nozzles.

SymeoL | SymsoL DEscripTION : Unmit.
y: | general, area of section; specifically, area of pipe at sec-
tion of inlet pressure tap $qin,
area of a Venturi throat, nozzle throat or orifice sqin.
general, diameter; specifically, internal diameter of pipe at
section of inlet pressure tap in.
diameter of a Venturi throat, nozzle throat or orifice in.
coefficient of discharge ratio
specific heat of a fluid at constant pressure Btuperlb per F
specific heat of fluid at constant volume Btu per b per F
velocity of approach factor = —=—== ! i
city of app ctor = N gy G w ratio
factor to account for the thermal expansion of primary
element ratio
function
ratio

6 wadERimQ- 2w SdOR e

specific gravity (see Par. 84(¢c)}
accelerarion due 1o gravity (see Note 1)
effective differential head (see Note 2)

ft per sec persec
in. of water at 68 F

{ flow coeficient = CF ratio
ratio of the specific heats of a gas = ¢,/¢, ratio
ratio of areas = a/4 = (d/D})* ratio
numerical factor to adjust for units of measurement ratio
absolute pressure, the actual or observed (static) pressure

(see Note 4) : psia
volume rate of flow cfs
Rp Reynolds number based on pipe diameter, D ratio
R, Reyvnolds number based on throat diameter, d ratio
r ratio of outlet or throat to inlet static pressure 2z ratio
) ,
s supercompressibility factor, the ratio berween the actual .
specific weight of a gas at conditions p and T and the
value computed by Boyvle's law ratio
T absolute (thermodynamic) temperature deg R
t time interval sec
¥ velocity fps
v specific volume (1/v) cuftperlb
w weight rare of flow, actual lb per sec
< ratio of differential pressure to absolute inlet static pres-
sure 2 —E2 ratio
1
Y net expansion factor for square-edged orifices, ratio of the
discharge or flow coefficient for a gas to that for a liquid .
ratio

at the same value of Rp or R4 (see Note 3)




_sec 5q (= 980.665 cm per sec 5q).

o FLOW MEASUREMENT 57 i
Symsor ! SynpoL DESCRIPTION Unit
) adiabatic expansion factor wsed with Venturi tubes and
flow nozzles ratio

3 (beta) ratio of throat or orifice diameter 10 pipe diameter (d/D) TAtio — ~ _
v (gamma) specific weight (1/v) . 71b per cu ft
u (mu) absolute viscosity sec per sq ft

v (nu) kinematic viscosity {(a/p) sq {t per sec

= (p1) 3.14159 . ratio .

p (tho) density slugs per cu fc

Nore 1. For most engineering work it 1s not
the standard value, and it is generally sufficient 1o use £= -
is desirable to distinguish berween the local and
acceleration due to gravity, ft per sec per sec; go.

As an iltustration, the curve in Fig. 47 gives the fa
pounds (force) per square inch. ln order to have the pounds
factors by ge/go

NoTe 2. In connection
water at 68 F, conforms to the convenience an
of flow it may be desirable to express the head, or
measured in fest. An appropriate symbol for such use would

practice the

the pressure anit to be considered is pounds per square foot.
Nore §

the outlet static pre ! \
where 1 is measured, the corresponding expansion factor is

with differential head meters, the use of he to represent the
4 desires of commercial users. However,
diffcrentialhpressure producing the flow s 2 column of the fowing fluid,
3
Note 3. As used in this code, V denotes the area average
defining the Mach number, represents the velocity 1
NoTte 1t is the general practice to express pressures i
numericzl factors associated with the working €q
unit. However, in the development of these equations, especially w

In the metering of natural gas with orifice meters equ _
ssure ps, and the corresponding expansion factor is designated Y y
designated by ¥ or, more specifically, Y.

necessary to distinguish between the exact local value of gravity and
32,17 ft per sec per seC. :

However, when, for precise work, it

standard values, these special symbols may be used: gz, Local value of
International standard value of seceleration due to gravity = 12.1740 {x per

ctors ior converting inches of mercury and inches of water to local

at standard gravity it would be necessary to multiply the

_di.Eerential pressure in inches of
in the development of equations

velocity. Hence Pi=¢/4, and Va=g/la. Vi, 33 used in
the fiuid concerned under the then existing conditions.

n pounds per square inch (psi}, and conforming te this
uations given in this code are based on the use of this

here specifc volumes and specific weights are involved,

ipped with flange 1aps, it is customary to measure -
In other fields of fow measurement

SgcrioN 7, CALCULATION OF Frow Rartes

A, Incompressible Fluids

27 The flow of any liquid through an orifice,
flow nozzle, or Venturi tube is determined by the

following equation:

CaFeny —
w--\—,-T—-_'_—."E’;\ 2gh..... b per sec.....l1]
where

o = rate of flow )
n = a numerical factor dependent upon units

used
\With the units in American practice Equation
[1] is written,

wy = 339 CFd*Fa\hgy o onvneeeens TN 3

where
«y = weight rae of flow, Ib per hr
" = coefficient of discharge
4 = diameter of orifice, flow nozzle or Venturi
throat. in
@ = diameter, ratio. d/D
J., = differenuai pressure. in HOat 68 F
+ = specific weight of the flowing fAuid at the
inlet side of the primary element, Ib per
cu ft

F. = thermal expansion factor

B, Compressible Fluids

78 Orifices. To compensate for the change

in specific weight as the fluid passes through the
orifice Equation {2] must be modified by the
expansion factor I so that

wh=3591@1zf.}'\"k¢7.......... ....031
or ,...-’C- L

oy = 339 (CEMEF.Y [Ba 8]
‘Ut

-~

where
v, = specific volume of the flowing fluid at the
inlet side of the primary element, cuft
per Ib
29 Flow Nozzles and Venturi Tubes.
Similarly, for flow nozzles and Venturi tubes,
Equation [2] must be modified by the factor Y.

so that

oy = 339 CFAF. Yo\ Ty covvrnnes U Y
or .

o = 339 CF&F.Y o | cereenno[6]

oy = 33 FSEYoN

C. Definitions

80 Coefhicient of Discharge.

(a) 1f the orifice has not been individually cali-
brated, the flow coefficient, K. to be used

in conjunction with square-edged concen-

tric orifices. shall be obtained {rom Tables




FLOW MEASUREMENT

82 The Velocity of Approach Factor, F, is
calculated directly from the known values of 8,
or it can be read from Figs. 36A and 368.

83 The Differential Pressure Head, Ao, is
computed from the readings of the manometer or
from the differential pressure recorder. The rela-
tion between manometer reading ks and the ko
is as foilows:

63

ys = specific weight of water vapor at
100 per cent saturation at the ob-
served temperature, lb per cu it
S = relative humidity, ratio

85 Thermal Expansion Factor, F
consequence of the thermal expansior; of';heA ;ria-
mary element when the measured fluid is hot, a
thermal expansion factor, F,, must be included in
such measurements, This may be obtained from

Fig. 38. o
86 Expansion Factor, ¥ or Y.. When me-

_ hm(ym = ¥0}
ho = =pTagy o eeeneeees 191
where _
_ k.. = inches of differential or inches of manom-
; eter fluid

ym = specific weight of manometer fluid, Ib per

: cu ft .
i " yo = specific weight of fluid separating mano-
. ’ metric from flowing fluid, Ib per cu it

_: he = differential head, in. of water at 68 F

84 (a) The Specific Weight, v, for water

for various pressures and temperatures
: can be obtained from Figs. 31,32, and 37.
; (b) The specific weight of liquids other than
water can be computed by multiplying
the specific weight of water at the operat-
ing temperature by the specific gravity
of the liquid at that same temperature.

(¢) The specific weight of dry gas or air may be
' calculated by
) G
y=1 4.63;.. ........... [10]
where

y = specific weight of dry gas at actual
temperature and pressure

ye = specific weight of dry air at actual
temperature

p = pressure of dry gas, psia

G = specific gravity of gas compared
with dry air at the same pressure
and temperature conditions

s = supercompressibility factor

: The values of y, may be taken from
! Table 9.

(d) 1 the gas contains water vapor, the specific
weight may be determined by

_ 3Gl =2) . |
y= LRl L ySe (11]

| where

p = pressure of mixture (barometer —
gage pressure), psia

p’ = pressure of saturated vapor at the
observed temperature, psia

tering iquids with difterential head meters, where
no appreciable expansion takes place, the values -
of both Y and Y, are unity. When metering gases
with Venturi tubes and flow nozzles, the expan-
sion which accompanies the change in pressure
takes place in an axial direction only, due to the
confimng walls of these differential producers.
The adiabatic expansion factor ¥, compensates
for this unidirectional expansion. With the thin
plate orifice there are no confining walls and the
expansion takes place both radiaily and axially.
To take account of this multidirectional expan-
sion the empirical expansion factor Y is used.
Values of Y for square-edged concentric orifices
can be obtained from Figs. 39a-8 and 40a-6. For
eccentric and segmental orifices, values of ¥ can
be obtained from Figs. 41 and 42, respectively.
Values of Y, for flow nozzles and Venturi tubes
can be obrained from Figs. 43a-8 and 44a-3.

87 Supercompressibility Factor, 5. In re-
ality, no gas follows either Boyle’s or Charles’s
laws exactly. Different gases depart from these
laws by different amounts, and both the amount
and direction of departure depend on the tem-
perature. For any given isotherm, this behavior
can be represented by writing Boyle’s law in the
following form

in which s is a numerical factor slightly greater
or less than 1.00. This excess or deficiency of com-
pressibility over that indicated by Boyle’s law
has been called the “supercompressibility” of the
gas, and the factor s is designated as the “super-
compressibility factor.”

Values for 5 for dry carbon dioxide-free air and
methane can be obtained from Figs. 43 and 46.
For other commercial gases the values of s for the
operating temperatures and range of pressures
chould be determined experimentally. In the case
of hydrocarbon fuel gases, tables for determining
s are given in the American Gas Association Gas
\feasurement Committee Report No. 3, 1956,
(Note the supercompressibility factors given in
the AGA Report No. 3 are actually values of Vs.)

(Figs. 36A to 46 on pages 64 to 79; Table 9 on pages 80 and 81)
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4.2 MAJOR EQUIPMENT

200 Reactor train
200 Reactor train

Table 4.2-1
Listing of Major Equipment in Area 200
Area Description ' Equipment No.
200 Reactor train A isolation damper DMP-201A
200 Reactor train B isolation damper DMP-201B
200 Reactor train C isolation damper DMP-201C
200 Reactor train D isolation damper DMP-201D
200 Reactor train E isolation damper DMP-201E
200 Reactor train F isolation damper DMP-201F
200 Reactor train G isolation damper DMP-201G
200 Reactor train H isolation damper DMP-201H
200 Reactor train J isolation damper DMP-201J
200 Reactor train A flue gas heater HTR-201A
200 Reactor train B flue gas heater HTR-201B
200 Reactor train C flue gas heater HTR-201C
200 Reactor train D flue gas heater HTR-201D
200 Reactor train E flue gas heater HTR-201E
200 Reactor train F flue gas heater HTR-201F
200 Reactor train G flue gas heater HTR-201G
200 Reactor train H flue gas heater HTR-201H
200 Reactor train J flue gas heater HTR-2014
200 Reactor train A venturi FE-201A
200 Reactor train B venturi " FE-201B
200 Reactor train C venturi FE-201C
200 Reactor train D venturi FE-201D
200 Reactor train E venturi FE-201E
200 Reactor train F venturi FE-201F
200 Reactor train G venturi FE-201G
200 Reactor train H venturi FE-201H
200 Reactor train J venturi FE-201J
200 Reactor train A air purge damper DMP-202A
200 Reactor train B air purge damper DMP-202B
200 Reactor train C air purge damper DMP-202C
200 Reactor train D air purge damper DMP-202D
200 Reactor train E air purge damper DMP-202E
200 Reactor train F air purge damper DMP-202F
200 Reactor train G air purge damper DMP-202G
200 Reactor train H air purge damper DMP-202H
200 Reactor train J air purge damper DMP-202J
200 Reactor train A inlet damper DMP-203A
200 Reactor train B inlet damper DMP-203B
200 Reactor train C inlet damper DMP-203C
200 Reactor train A inlet bypass damper DMP-204A
B
C

inlet bypass damper DMP-2048
inlet bypass damper DMP-204C

4.2-1



5.0 AREA 300: AMMONIA STORAGE TO REACTORS

Area 300 is from the ammonia storage tanks to reactor injectioh nozzles,
and includes the ammonia injection skid. Refrigeration grade anhydrous
ammonia will be stored in one or two 1,200 gal tanks that will be provided
by the ammonia vendor. The ammonia storage tanks will be located on the
north side of the abandoned demineralizer building. A constant vapor
pressure of ammonia gas will be maintained in the top of the storage tank,
utilizing an electric heater system to vaporize the liquid ammonia to
maintain a constant pressure, nominally 175 psig. Gaseous ammonia flow is
fed to an ammonia accumulator tank via a flow control valve that maintains
the tank at a pressure of nominally 30 psig. The accumulator tank and flow
control valve are electrically heat traced to makeup for any cooling due to
expansion of the ammonia. Ammonia from the accumulator tank is manifolded
to each of the SCR reactor trains. A flow control valve delivers ammonia
to the dilution air line. A single speed fan provides a constant flow of
dilution air to a manifold for the ammonia to maintain proper injection
into the duct work preceeding the SCR reactors. The air and ammonia are
combined and go through an in-line static mixer, providing proper mixing
before going to the ammonia injection grid. A schematic of the entire
system for Area 300 is shown in the P & ID drawings in Area 900.

5.0-1





